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ABSTRACT.

This paper deals mainly with modeling and design of distributed communicating systems with temporal
requirements. Firstly, timed traces and their corresponding untimed traces are defined and used to model
behaviours of real-time discrete event systems (RTDES). These traces use a conceptual digital global
clock which generates periodically an event tick. Next, a model based on timed automata is defined
and studied. This model is convenient to specify a service desired by a user of a distributed RTDES
(DRTDES) and the supremal behaviour of the medium. Timed automata use a digital global clock, and
several fictitious timers and counters. A second model, based on temporized automata, is used to model
the protocol and temporal constraints on the medium. Contrary to timed automata, temporized automata
do not use counters. Next, we propose two procedures of protocol synthesis, respectively for sequential
and parallel DRTDES. The entries of these procedures are specified with timed automata, while the
results of these procedures, i.e., the protocol and the temporal requirements of the medium, are
specified with temporized automata. Compared to [10], the application field is much broader, because
two important restrictions are removed. Firstly, temporal requirements are between events which are not
necessarily consecutive. Secondly, the systems considered can be parallel and concurrent. Compared to
[11], three important additions are made. Firstly, the temporized automata are formally defined, and we
present the principle to compute them. Secondly, the specifications obtained by the protocol synthesis
are optimized in the sense that they do not necessitate to synchronize the different local clocks of each
site of the distributed system. Thirdly, the specifications obtained by the protocol synthesis are

improved in the sense that they are more concise, by parameterizing some of their transitions.

INDEX TERMS. Concurrent System, Desired Service, Discrete Event System,
Protocol Synthesis, Sequential System, Supremal behaviour of the Medium,
Temporal Constraint, Temporized Automaton,
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1. Introduction

A discrete event system (DES) is a dynamic system where events are executed instantaneously, causing
a discrete change of the state of the system. If sequences of events are a regular language, the DES can
be specified by a finite automaton. A first example of DES is a telecommunication network; an event
can then be the transmission of a packet of data. Another example is a communication protocol, and an
event can be execution of a service primitive. For a real-time DES (RTDEYS), it is not enough to
represent the ordering of events, we must also specify temporal constraints on event occurrences. As
RTDESs grow in size and complexity, it has become important to develop models and theory which are
used to reason about their behaviour. Several models have then been proposed to model and study
RTDESs.

1.1. Background literature on modeling real-time discrete event systems

Two approaches have been used to model RTDESs : Discrete-time models and Dense-time models.
Discrete-time models use the domain N of integers to model time, and some of these models use a
fictitious digital global clock which generates a tick event [5,24,25]. Time is then viewed as

a global state variable that ranges over IN, and is incremented by one with every tick event. RTDESs are
then specified by a timed transition model (TTM), where a fictitious timer Tg and an interval [l5,u5] is
associated to each transition 6. As soon as ¢ becomes firable, Tg is set to zero and is incremented by
one with every tick event; o is enabled only when the value of T belongs to interval [15,ug]. RTDESs
can also be specified by an untimed transition model (UTM) where the event tick is explicitly
represented by a transition.

Dense-time models use a dense domain to model time. The latter is then viewed as state variable that
ranges over a dense domain and evolves indefinitely. In [1.8,10,31], RTDESs are specified by timed
automata (TA), where several clocks are defined. Clocks can be set to zero with the occurrence of any
event, and evolve synchronously with time. In [1,8,31], a boolean enabling condition Eg depending on
the value of one or several clocks and a set Rg of clocks are associated to each transition 6. As soon as
o becomes firable, it may be executed only if Eg=True. When o is executed, clocks of Rg are set to
zero. In [10], several enabling conditions El4,E2g, ...,Ekq are associated to a transition o, and each of
them depends on only one clock. Only one of these enabling conditions is active, depending on the last
executed transition. Several other models have been developed, such as time Petri Nets [4,20,21], timed
Petri Nets [26], and timed LOTOS [18,19,23].

In this paper, we propose two different models [11] which both use a discrete time. The first model
(timed automata) is used to specify the entries of the protocol synthesis (Sect. 4), while the second
model (temporized automata) specifies the results of the protocol synthesis (Sect. 6).
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1.2. Background literature on protocol design

Two approaches may be used for the design of communication protocols: Analysis and Synthesis [35].
In the analysis approach [33], the protocol designer starts with an initial version of the protocol, and
protocol validation is performed with analysis techniques after the design to detect possible errors and
omissions in the design. The sequence of redesign, analysis, error and omission detection, and

correction is applied iteratively until the protocol becomes error free.

In the synthesis approach -which is the one we have used-, several methods have been developed
(3.6,7,9,10,13,14,15,16,17,27,28,29,30,34,35]. Contrary to analysis, this approach is direct and does not
necessitate a validation of the synthesized protocol which is correct by construction. Timing
requirements are considered in [10,15,16], but only in particular cases. In [15], the transit delay in the
medium is supposed negligible, while in [16] it is bounded by a maximum value. As for [10], timing
requirements are only between consecutive events, and the systems considered are sequential. In the
present study, these constraints are removed and the systems considered can then be parallel and
concurrent. The application field is therefore much broader. Compared to [11], three important additions
are made. Firstly, the temporized automata are formally defined (Sect. 6.1) and the principle used to
compute them is presented (Sect. 6.2). Secondly, the specifications obtained by the protocol synthesis
are optimized in the sense that they do not necessitate to synchronize the different local clocks of each
site of the distributed system (Sect. 7 and 8). Thirdly, the specifications obtained by the protocol
synthesis are improved in the sense that they are more concise : several transitions are represented by
one parameterized transition (Sect. 7.2 and 7.3).

The reasons of using timed, untimed and temporized automata are respectively explained at the

beginnings of Sections 4, 5 and 6.

The rest of this paper is organized as follows. In Section 2, we introduce the problem of the protocol
derivation. The basic principle used for deriving the protocol is explained. In Section 3, we introduce
the models of timed and untimed traces used to specify the behaviour of a RTDES. In Section 4, we
present the model of timed automata used to specify: (a) the service desired by the user; (b) the
supremal behaviour of the medium. In Section 5, we present the approach which consists of
transforming a timed automaton into an untimed automaton containing transitions tick. In Section 6, we
present the model of temporized automata and the approach which consists of transforming an untimed
automaton into a temporized automaton. In Sections 7 and &, we propose two procedures for deriving
automatically the specifications of the protocol and of timing constraints on the medium (temporized
automata), from the specifications of a desired service and of the supremal behaviour of the medium
(timed automata). Section 7 deals with sequential systems, while Section 8 deals with concurrent and
parallel systems. And at last, we conclude in Section 9. We will notice that the possible concurrency in
the parallel systems, and the timing requirements cause a problem of state space explosion and of

complexity.

page 3



2. Problem of the protocol synthesis in real-time systems

In a real-time distributed system (RTDS, Fig.1), n protocol entities (with n>1) communicate : (a) with
the user of the system through several service access points (SAP); (b) with each other through a
medium assumed reliable. Without a loss of generality, we suppose that to each site i correspond one
SAP and one protocol entity, respectively noted SAP; and PE;.

S I SRR

L Protocol |[Protocol otoco
SERVICE Entity 1 |[[ Entity 2] * *° | Entityn
SPECIFICATION i Reliable medum |

Figure 1. Service and protocol concepts

In the user's viewpoint, the RTDS is a black box where only interactions with the user are visible.
These interactions correspond to the executions of service primitives (or simply primitives). Therefore,
the specification of the service desired by (or provided o) the user defines the ordering and timing

requirements between the executed primitives.

But in the designer's viewpoint, it is necessary to compute the specifications of the local real-time
protocol entities PE;, for i=1,2, ..., n, which may provide the service desired by the user. The designer
must also compute timing requirements which must be respected by the medium. In order to avoid the
computation of timing requirements impossible to respect by the medium, the designer may refer to a
model of a supremal behaviour (Sect. 4.2) of the medium, and compute only timing requirements
which respect this supremal behaviour. Informally, if for instance we know that the medium needs at
least two units of clock time (uct) to carry messages between two protocol entities, this information is
contained in the model of the supremal behaviour. In this case, the designer will not compute timing
requirements such as : some message must be carried in one uct. We will see that the medium not only

carries a message, but it also adds an information about the transit delay of the message in the medium.

The problem of protocol synthesis is then (Fig. 2) to derive systematically the different local protocol
specifications and the timing requirements on the medium, from : (a) a global specification of the
service desired by the user ; (b) a model of the supremal behaviour of the medium.

desifed e ———> protocol
service protocol

supremal behaviour 3 synthesis > timing requirements
of the medium on the medium

Figure 2. Protocol synthesis

The approach used for deriving protocols is synthesis . For the sake of simplicity, we explain the
basic principle of protocol synthesis [3,10,13,14,30] only for sequential systems. But parallel systems also
are considered, farther in this paper (Section 8). The principle is then : if a primitive A is executed by a
protocol entity PEy, and is followed by execution of a primitive B by PE, then after execution of A by
PEj, this one sends a message to PEp to inform it that it may execute B. If after execution of A by PEj,
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there is a choice between several primitives executed by different PEy, fori=1,2,..., p, then PE, selects
one PE and sends a message to it to inform it that it may execute one of its primitives. Our main
contribution is to consider timing requirements in a more general case than in [10,15,16] (Sect. 1.2).

3. Timed and untimed traces

To model a RTDES, we use a conceptual global digital clock which generates a fictitious event tick at a
constant frequency; the delay between two consecutive ticks is called unit of clock time (uct). The time
is then modeled by a global variable noted 1, called discrete time, and belonging to the set IN of natural
numbers. The variable 7 is initially equal to zero and is incremented by one after the passing of each unit

of clock time (uct) , i.e., after the occurrence of every event tick [5,11,24, 25].

3.1. Timed traces and Timed languages

A finite timed trace trc over an alphabet V is a finite sequence of pairs (o;,T;), where o; is an event of V,
and T; is an integer such that Tj+; 27; . Such trace is represented by trc = (61,T})...(0,,T,) and contains all
events that have occurred before time T,+1. Each (0;,T;) means that the event ¢; has occurred when the
discrete time is equal to ;. It is clear that there is an inaccuracy of one uct on the exact delay of event
occurrences.

An infinite timed trace Trc over an alphabet V is an infinite sequence of pairs (g;,T;) ; any finite prefix
of Trc is called a finite timed trace over V. Such infinite trace is represented by Trc= (oy,T1)...{G;,Ti)...
Each pair (0;,T;) defined in Trc is called a component of Trc which is noted : (0;,T;) € Trc. Since a T; may
be equal to T;41, several consecutive events may occur at the same discrete time, i.e., during one uct or,

in another words, between two ticks of the clock.

Definition 3.1. ( Finiteness property)

An infinite timed trace respects the finiteness property (FP) if the number of events executed during one
uct is bounded by an arbitrary constant Mc. Formally, Trc = (6,7;)...(G;,T;). ... respects the FP if and
onlyif: Vi>0, 3j>i suchthat 7.,=1; <1; and j<i+Mc. The FP is differently defined in

[31], where it only requires that a finite number of events occur in any finite time interval. O

Example 3.1. Let Trc be the following infinite trace Trc=(01,2X02,4)...(Ci,2i) ... Trc respects the
finiteness property because one event occurs when T is even, and no event occurs when T is odd. O

Example 3.2. Let Trc be the following infinite trace Trc=(c},1)! (52,4)2...(Gj,2i)i..., where (G,T)P
means that G occurs p times when the discrete time is equal to 1. Trc does not respect the FP because

the number of events during one uct is not bounded. But Trc respects the FP as it is defined in [31]. O

Definition 3.2. (Timed trace and timed language)

In this paper, we consider only infinite timed traces. Such traces, will be simply called timed traces.
A timed language L over an alphabet V is a set of infinite timed traces over V.

We say that L respects the finiteness property (FP) if all its timed traces respect the FP. O
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Infinite timed traces, which will be simply called timed traces , are executed by non terminating
processes. This is not really a restriction. In fact, a terminating process which may be executed infinitely

often, can also be considered as a non terminating process.

Definition 3.3. (Projection of a timed trace)
Let V be a subset of an alphabet W, and let Trc= (0},11)...(0;,T;)... be a timed trace over W. The
projection of Trc on V, noted Projy(Trc), is obtained by removing from Trc all (c;,1;), where ;e V. O

Definition 3.4. (Projection and Extension of a timed language)
Let V be a subset of an alphabet W. Let £; be a timed language over W. The projection of £1 on V,

noted Projy(Ly), is defined by : Projv(L£1 )= {Trc,over VI 3 Trce € £1 with Trc=Projy(Trce)};
Let £ be atimed language over V. The extension of £ to W, noted Extw(£), is defined by :
Extw(L2)={Trc, over W | Projy(Trc)e L3}. a

Remark 3.1. (a) if W=V then Projw(£)=Extw(L )=L ; (b) Proj v(Extw(L ))=L and £SExtw(Projyv(L)).

3.2. Untimed traces and untimed languages

So far, an infinite sequence of events has been represented by a timed trace Trc=(c,11)...{0;,T;)...

If we represent explicitly the fictitious event tick , the same sequence can be represented by an untimed
trace TRC= a1&;... 04 ..., where each a; for j=1.2,..., is equal to tick or to one of o1, 02, ...

Example 3.3. The timed Trc=(c1,2)..(cj,2i)... can equivalently be represented by the untimed :
TRC=tick tick otick tick ©7...Ci.1tick tick o; tick tick Gis1... O

A formal definition of the untimed trace corresponding to a timed trace is the following.

Definition 3.5. (Untimed trace, operators UntimeT and TimeT )

Let Trc = (61,T1)... (0i,Ti)... be a timed trace. To obtain the untimed trace TRC corresponding to Trc, we
define the operator UntimeT , by : TRC=UntimeT (Trc)=01{Qt5 ... 0 ...

with:  (Q4q;=0; ) and (oj=tick ,if 3 k>0 such that j=k+1 ), fori,j=12, ...

If Tre respects the finiteness property (Def. 3.1), we also say that TRC respects the finiteness property.

Since the operator UntimeT is a bijection, we can define the inverse operator TimeT, by :
TRC =UntimeT (Trc) & Trc=TimeT(TRC) O

Property 3.1. Let TRC= 005 ... ¢ ... be a infinite untimed trace respecting the finiteness property .

3 Mc>0 such that : V k>0, 3 11>k, I12>k with o, #tick , 1-k <Mc+1, and oy ,=tick .

Proof : See Appendix A O
More informally, Property 3.1 means that the untimed TRC corresponds to an infinite timed trace (by
oy, #tick ) which respects the finiteness property (by l-k SMc+1 and oy, = tick ).

Definition 3.6. (Untimed language, operators UntimeL and Timel)
Let £ be a timed language. LY, which is called untimed language and noted £Y=UntimelL(L), is defined
by : L9=UntimeL(L)={TRC |3 Trc € L with TRC=UntimeT(Trc) } O

Since the operator UntimeL is a bijection, we can define the inverse operator TimeL, by :
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L3=UntimeL(L) & L =TimeL(LY) a

Theorem 3.1. Let L£j and L be two timed languages over a same language.
UntimeL (L1NLp)=UntimeL(Ly) NUntimeL(Ly). (Proof : See Appendix A ) a

4. Timed Automata to specify a desired service and a supremal behaviour of the medium

The aim of this section is to define a model based on timed automata and used to specify the two entries
of the protocol synthesis (Sect. 2), i.e., a global specification of the service desired by the user (Sect.
4.1), and a specification of the supremal behaviour of the medium (Sect. 4.2). Since these two entries
are initially unformally specified, timed automata must be as intuitive as possible, so that the
transformation from an unformal to a formal specification is easy to determine. Before defining
formally the timed automata, let's show in simple examples how timed automata are used to model a
global specification of the service desired by the user, and a specification of the supremal behaviour of

the medium.

4.1. Service desired by the user

Traditionally, a service desired by the user is defined by the sequences of service primitives which are
accepted by the user. But in our case where timing constraints must be respected, two additional kinds
of requirements define the desired service; they are the following :

(1) Constraints on the delays between executions of service primitives. In other words, constraints on
| the numbers of ticks between executions of primitives;

(2) Constraints on the numbers of primitive executions during one unit of clock time. In other words,

bounds on the numbers of primitive executions between two ticks of the digital clock.

The service desired by the user of a distributed system is initially unformally specified. Therefore, the
model used to formally specify the desired service must be as intuitive as possible, so that the
transformation from an unformal to a formal specification is easy to determine. Here is a simple
example of a desired service which is initially unformally specified.

Unformal specification :
S1: Two service primitives A1 and B2 must be executed alternately. The indexes 1 and 2 identify the
sites where the primitives are executed, i.e., A1 and B3 are respectively executed in sites 1 and 2;
S2: Between executions of A} and Bj, there may be at most two ticks of the clock;
S3: Between executions of B and A1, there may be at most two ticks of the clock;
S4 : Between two ticks of the clock, there may be at most the execution of one primitive. Let's notice

that S4 implies the finiteness property (Def. 3.1).

The above unformal specification can be easily formalized as follows.
S1 can be represented by the two state automaton of Figure 3.a.
S2 can be formally defined by the use of a fictitious timer t (Def. 4.1):
- the timer is set to zero after the occurrence of Aj,
- a necessary condition of B execution is: 1< 2;
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S3 can be formally defined by the use of the same timer t. In general, when the service is sequential
and the timing requirements are between consecutive pﬁmitivcs, then one timer is sufficient :
- the timer is set to zero after the occurrence of Bj,
- a necessary condition of A} executionis:t<2;
S4 can be formally defined by the use of a fictitious counter ¢ (Def. 4.3):
- the counter c is set to zero after every tick,
- ¢ is incremented by one after execution of every primitive,
- a necessary condition of every primitive executionis : ¢ < 1.

Such specification can be formally represented by the timed automaton (TA) of Figure 3.b. Each
transition of the TA is then defined by :
- starting and reached states;
- two enabling conditions (t <2 and ¢ < 1);
- a set of timers which are set to zero with the occurrence of the transition ({t}).
(Ay: 12 (1) ; c<1)

Al
02—?® ®<(Bz: <2 (1) ; c<m

3.a. Automaton 3.b. Timed automaton
Figure 3. Example of service specification

4.2. Supremal behaviour of the medium

The specification of the supremal behaviour of the medium is used in order to avoid, in the protocol
synthesis, the derivation of timing requirements impossible to respect by the medium (Sect. 2) which is
assumed reliable. The supremal behaviour is defined by a timed automaton SupMcd‘i'j (Fig. 4) for every
oriented pair of sites i and j, where site i is the sender and site j is the receiver. Let then the events s{ and

T meaning respectively "Site i sends a message to site j" and "Site j receives a message coming from

site i". SupMed, ; specifies that the number of ticks between s! and r} belongs to a given interval
5 J=[r§’}ji“; tri"], where t’,“J'“ and t{' are constant integers such that 1 < r',“J‘" Sty < oo, Therefore, we
suppose that there is at least one tick of the clock during the transmission of a message.
Temporal constraints between s{' and rjl can be formally defined by the use a fictitious timer t; gt

- t;j is set to zero after the occurrence of s{ ,

- a necessary condition of rJi- occurrence is : Ejj(tj j)=(tij > (tﬁt}i" -1))AG < l{t‘ja").
Contrary to example in Section 4.1, no counter is used because timing requirements ensure the
finiteness property (Def.3.1) due to 1 £ r‘,“;" Therefore the second enabling condition of transitions in

SupMed: ; is always True. The timed automaton SupMed‘i.j is represented on Figure 4.

(s!:True; (t;5); True)

(r}; Eij(tiy): @; True)

Figure 4. Supremal behaviour SupMed‘i‘j of the medium for a pair (sender i, receiver j)

Remark 4.1. Timing requirements on SupMcd‘i‘j and SupMcdg’i may be different.
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In the remaining part of the present section 4, timed automata are formally defined and studied.

For defining a TA, which is an extended FSM accepting a timed language (Def. 3.2), we use in general:
- a global digital clock which generates the event tick, and then informs about the passing of time,

- a finite set of fictitious digital timers (Def. 4.1), for specifying the timing requirements,

- a finite set of counters (Def. 4.3), for respecting properties stronger than the finiteness property

(Def.3.1).

4.3. Timers and counters

Definition 4.1. (Timer and timer state)

A fictitious timer t; is a variable which belongs to the set IN of natural numbers. t; is automatically

incremented by one with every tick. The operations we can do on t; are :

- Reset : a timer tj, which is increasing regularly with every tick, can be set to zero. Therefore, t;
represents the time elapsed from the last reset .

- Comparison : t;j can be compared to a constant integer. The comparison operators are =, > and <.

Other operators < and 2 are not necessary because timer values are integers.

Initially, when the discrete time 7T is equal to zero, t; also is equal to zero.

Let the Nt-uplet ts=(t{,..., tn), where Nt (or ITl) is the number of timers ty, t2, ..., tn. Any value of ts is
called timer state . O
We deduce that if several timers tg, t2, ..., t\y are used, then they are automatically and simultaneously
incremented with every tick, i.e., when the discrete time 7T is incremented. Therefore, all the timers are

synchronized on the digital global clock.

Definition 4.2. (T_Condition, set ET)

Let T={ty, t2, ..., tN¢} be a set of timers. A T_Condition E(ts), w.r.t. T, is a boolean function which
associates to a timer state a value TRUE of FALSE. E(ts) is formed from :

(a) canonical boolean functions tj~k, where ke N*, and ~ is =, < or >;

(b) operators AND(A), OR(V), and NOT(=) on these canonical boolean functions.

The set of all T_Conditions, w.r.t. T, is noted ET. . O

Definition 4.3. (Counter and counter state)

A fictitious counter c;, w.r.t. an alphabet Vc;, is a variable belonging to IN. ¢ ; is automatically :
(a) incremented after the occurrence of any event of Vc;;

(b) set to zero with every tick, i.e.,when 7 is incremented.

Let the Nc-uplet cs=(c1,..., cNt), where Nc (or ICl) is the number of counters ¢, c3, ..., . Any value of
cs is is called counter state . O

Definition 4.4. (F_Condition, set E¢) _
LetC={ cy,c2,...,cNc} be a set of counters. A F_Condition K(cs), w.r.t. C, is a boolean function
which associates to a counter state a value TRUE or FALSE. K(cs) is formed from :

page 9



(a) canonical boolean functions c; < Mc;, where Mc;e IN*;
(b) operator AND(A) on these canonical functions. The set of all F_Conditions, w.r.t. C, is noted Ec. O

4.4. Timed automata

Let A=(Q,V,3,q0) be a FSM where Q is a set of states, V is an alphabet, qq is the initial state, and
8 QxVxQ defines the transitions, i.e., a transition of A can be represented by [q1;0:q2]. Let's see how

a timed automaton can defined from the FSM A.

Definition 4.5. (Enabled and eligible timed transition, Reset)
Let T={t1, ..., tnt} be a set of timers, and let C={c, ..., cNc} be a set of counters, w.r.t V¢, V, for
i=1,2, ..., N¢. Let ET (resp. Ec) be the sets of T_Conditions (resp. F_Conditions), w.r.t. T (resp. C).
A timed transition , w.r.t. A and T and C, is defined by Tr=[q;5:q2;E(ts);R;K(cs)], where [q1;0:q2] €8,
E(ts)e ET, K(cs)e Ec, and RCT. R is called Reset of the transition Tr. The semantics of Tr is the
following. Let q1 be the current state :
(1) o may occur only if E(ts) (Def.4.2).and K(cs) (Def.4.4) are true;
(2) after the occurrence of G : (a) the state g3 is reached, timers of R are set to zero, and

(b) cj isincremented if o€ V¢, fori=1,2,..., Ng.
Besides, K(cs)=(cjj<Mci)A...A(cjp<Mcjp), where cjy,..., ¢j, are all counters respectively w.r.t. Vq,...,
Vip, such that oe VejjN..nVeip,

A timed transition [q1;0:q2;E(ts);R;K(cs)] is enabled if : q is the current state and E(ts)AK(cs)) is true.
A timed transition Tr=[q1;0;q2;E(ts);R;K(cs)] is eligible if :

Tris enabled or will become enabled with the passing of time (without occurrence of any event). O

A timed automaton (TA) Al can then be constructed if we transform each transition tr=[q;;0;q3] of A

into a timed transition Tr by associating to it, a T_condition E(ts), a Reset, and a F_Condition K(cs).

Definition 4.6. (Timed automaton)

Formally, a timed automaton A'=(Q,V,T,%,8,qo) is defined as follows. Q is the set of states, qg is the
initial state, V is the alphabet, T is the set of timers ty, t2,...tNr, ¥={Vci | fori=1,2,....Nc} < 2V, where
each Vcj is associated to one counter ¢; . SC_ZQxVxQxEszTxEC defines the timed transitions, where
ET and Ec are the sets of T_Conditions and F_Conditions (Def.4.2 and 4.4). Besides, A! accepts only
infinite timed traces (Def. 4.10), and is called a TA. O

Remark 4.2. In the particular case where no timer (resp. counter) is used, then the T_Conditions (resp.
F_Conditions) of all transitions are equal to True. If Nc=0, then 7=0. O

Example 4.1. Let's consider a communicating system which executes the three following service
primitives : connect.request, connect.confirm, and disconnect.indication. These primitives are
respectively abbreviated by cr , cc , di . The informal desired behaviour is the following. The primitive
cr is first executed. It can be accepted and followed by cc , or refused and followed by di. And this
process is repeated indefinitely. Between two consecutive cr , there may be at most 9 ticks. After cc
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or di , we must wait at least 3 ticks before the next cr . After its execution, if ¢ is not refused (i.e., not
followed by di ) 2 ticks after its occurence, it will be inevitably accepted (i.e., followed by cc ) within
3 ticks after its occurence. With this informal specification, the finiteness property (Def. 3.1) is
automatically respected, because of the minimum 3 ticks between cc or di and cr .

This desired behaviour is formally specified by the TA of Figure 5, which uses two timers t] and t».
t1 is used for defining timing requirements between : two cr, cr and cc,cr and di . t is used for
defining timing requirements between : cc and o, di and cr . In this example, the use of counters is
not mandatory, because the timing requirements ensure the finiteness property. But in the general case,
where timing requirements do not ensure the finiteness property, at least one counter must be used. In
this example, Nt=2, T=(ty,t2}, ts=(t1,t2), Nc=0 and C=O. Therefore, the F_Condition of all timed
transitions is True (Remark 4.2). The T_Conditions are Ej(ts)=((t1<9)A(12>2)), Ea(ts)=(11<3),
E3(ts)=(11<2), and the Resets are R1={t1}, R2={t2}, R3={t2}. The TA of Figure 5 is then defined by
A'=(Q,V.T.D,8,q0) where: Q={qo.q1}, V={cr.cc.di}, T={t1,t2}, C=, & ={[qp;cr;q1:E1;R1;True],
[ 1;cc;90;E2:R2; True], [q1:di;q0:E 3:R3: True] }. a

Let's mention that a timed transition Tr=[q; o;r;E;R;K] is represented graphically by : @ s =) (v
(cr,E,,R,,True)

(cc,E2,R2,True) h
A (di,E3,R3,True) /

Figure 5. Timed automaton

As for example of Section 4.2, SupMed’i'j is formally defined by (Qi,j,Vi’j,{ti,j},{Vi‘j},ﬁi‘j,qoi,j), where
Qi j={q0i;.q1i}. Vij=( sl.ri ), 8,j={[q0ij.8].q1i . True,{ti ;). True], [q1i;.r}q0i j.Ei j(ti j). D, True] }, with :
Eij(ti,j)=(tij>(t; - D) Atij < 657).

Definition 4.7. (set 7 of timer states)

Let T={ty, ..., tN} be a set of timers used for defining a TA At, and let Mt; be the maximum value a
timer tj is compared to, for defining the T_Conditions (Def.4.2) of all the transitions of Atl. In this
case, t; does not need to be incremented as soon as tj=Mt;+1. In fact, in this case the incrementation
would have no influence on truths of the T_Conditions. Therefore, we can limit t; by Mt;+1, for i=1, 2,
... Nt, and the set T of timer states ts=(t1, ..., tny) is equal to or included in (0; Mt;+1)x...x(0; Mtn+1),
where (0; Mt;+1) is the set of integers belonging to the interval [0;Mtj+1]. a

In Example 4.1, Mt1=9, and Mt=2, and then T < (0;10)%(0;3)
Definition 4.8. (Addition between 7 and IN)
Let T={t1, ..., tNt} be a set of timers used for defining a TA Al. The addition between 7 and N is

defined as follows : if ts=(t, ..., t\y)€ 7 and pe IN, then ts+p=(inf(t +p,Mt+1),..., inf(tng+p, Mtne+1)).
Where inf is defined by : inf(A,B) € {A,B} and ( (inf(A,B)=A) < (A<B)). a

Intuitively, if ts is the current timer state, then ts+p is the futur timer state after the occurrences of p
ticks of the clock. In Example 4.1, if ts=(4,1) and p=3, then ts+3=(inf(4+3;10), inf(1+3;3))=(7,3)#(7,4).
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Definition 4.9. (set C of counter states)

Let C={cq, ..., CNc } be a set of counters used for defining a TA A!, and let Mc; be the maximum value
which bounds cj. Therefore, the set ¢ of counter states cs=(cj, ... , tN¢) is equal to or included in
(0;Mc 1)X...x(0;Mc Ne ), where (0;Mc;) is the set of integers belonging to the interval [0;Mc;). O
In example of Section 4.1, Mc1=1, and then C < (0;1).

Definition 4.10. (Acceptance of a timed trace and of a language, equivalence, partial order relation)
Let AtbeaTA (Q,V,T,7,8,qp), with T={tq, ...,in¢}, ={Vc1,...,VENe ), and then C={c, ..., cNnc )
Let 77=Tr;Tr;...Trj... be an infinite sequence of transitions of At, with:
Vie N*: Tri=[q;.1;0i:q:Ei(ts);R; Ki(cs)] € &.

Let ® be a function which sets to zero all timers in R;CT, i.e., R(t1,....tN)=(X1,....xN) Where :

x; =0 if e R;, and xj=Y if ;e Ry, for j=1, ..., Nt
Let § be a function which updates cs with the occurrence of event 6;, i.e., §(c{,....cNc)=(Y 1,---»¥Nc)

where : yj=cj+1 if oje Vcj, and yj =¢; if 6;& Vcj, for j=1, ..., Nc.
Let : - T1o=0, the Nt-uplet tsp=(0,...,0), and the Nc-uplet cs¢=(0....,0)

-Forall i>0: us;=ts;;+7-7;.; and ts;=R(us;); vs;=0if t;>T;,, vsij=csj.1 if T;=T;,;, and cs;=5(vs;)

- The infinite timed trace Trc=(0,1})...{0;,T;)... is accepted by Tr,if and only if :
Ej(us;)=True and K;(vs;)=True, for all i>0.
- The infinite timed trace Trc= (01,11)...(0;,Tj)... is accepted by A, if and only if there exists an
infinite sequence 77 of transitions of At which accepts Trc.
Informally, a system specified by Al may execute a trace accepted by Al.
- A timed language, noted Lat, is accepted by Al if it contains all and only the traces accepted by Al.
- Al and A}, are equivalent , and noted A\=A}, if and only if Lo} =Ly} .
- A is smaller than or equal to A}, and noted A{<AY, if and only if LpicLyy. O

Property 4.1. Let A'=(Q,V,T,%,0,q0) be a timed automaton specifying a non terminating system, with
v={Vcy, Vca,...,.Vene }S2V. If Veju...UVene=V, then the language LAt accepted by At (Def. 4.10)
respects the finiteness property. In this case, we say that A' respects the finiteness property.

Proof : See Appendix A . O

4.5. Product of timed automata

The global desired service may be made up of several services concurrent with each other (Def. 4.11). If
every of these services is specified by a TA, we show in the present section how to compute the TA
which specifies the global service. For the sake of simplicity and without a loss of generality, we
consider only the case where there are two concurrent services.

Definition 4.11. (Independent and concurrent DES)

Let A} be two TA over alphabets Vi, for i=1, 2, specifying two processes.

If ViNnV2=J, the two processes are independent with each other.

If VINV 24D, the two processes are concurrent. In fact, they may run in parallel by executing
respectively events of V1.- V2 and V2- V1, but they must execute conjointly events of V1NV2, a
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4.5.1. Product of two timed automata over the same alphabet

Let A} and Aj, be two TAs (Def. 4.6) defined over the same alphabet V. An intuitive definition of the
synchronized product of A} and A, noted AjXAj, is the following : A{xA} is a TA specifying a system
which may execute all and only the infinite timed traces accepted by both A} and Al,.

Definition 4.12. (Product over a same alphabet)

Let Al=(Qi,V,Ti,1,8i,qig), for i=1,2, be two TA over a same alphabet V, with TINT2=0, and

U=(Vciy,...,VCiNg ). Each A} uses then a set Ti={tij,...,ting} of timers and a set Ci={ciy,...,ciNg; ) of

counters, where each cij is w.r.t. Vci;. The product, noted A1=A'1><Al , is defined by A'=(Q,V,T,7.8,q0),

with 1= MU, T=T1UT2, QcQ1xQ2, qo=(q10.q20)e Q, and :

Definition of § : Let ETy, ET2 and ET be the set of T_Conditions (Def. 4.2), respectively w.r.t. T1, T2

and T=T1UT2. Let Eci, Ec; and Ec be the set of F_Conditions (Def. 4.4), respectively w.r.t. C1, C2

and C=C1uUC2. Then V (q1,q2), ('1,2)eQ, VoeV, VEeET, VRCT, V KeEc:

({q1,92),0,(r1,12),E,R K] € 8) < (3 E1€ E11, 3 E2€ ET2, 3 R1CT1, 3 R2CT2, 3 K1eEcy, 3 K2eEcy, )
(with: R=R1UR2, E=E1AE2, K=K1AK2, and )
([q1,0,r1,E1,R1,K1]J€ b1, and [q2;0,r2,E2,R2,K2]€ &2. ) a

Theorem 4.1. If L5y and Ly}, are respectively the timed languages accepted by A} and A‘z over the
same alphabet, then: LpyxAy=LAY N L. (Proof : See Appendix A ). O

Property 4.2. In Def. 4.12, if Vcl1U..UVCING=VC21U..UVC2Ny=V, then A}, A, and A'xA}Y
respect the finiteness property. (Proof : See Appendix A). O

Remark 4.3 : (a) In Def.4.12, if there exist iSNc;j and jSNcj such that Vc1;=Vc2j, then counters c1; and
c2j are equal, because they are incremented and set to zero simultaneously. Therefore, only one of
them, for example cl;j, is used to define A}, A}, and A}xA) .

(b) From Theorem 4.1, we deduce that if A} and A}, specify two scquéntial processes over the same
alphabet, then their synchronized product also specifies a sequential process.

Example 4.2. A} and A} are respectively represented on Figures 6.a and 6.b. A}=(Q1,V,T1,%,81,q1¢)
and AY=(Q2,V,T2,%,82,q2), with ¥V=(Vc1]=(Ve2}=(V}, Qi=(qlgq1}, Ti={t1},t12}, Q2={q20q2},
T2={t21,t22}, V={a,b}, and Mc1=Mc2=10. d1={[q1¢,a,q1.E1;,{t17},K1], [q1,b,q10,E12,{t12},K 1]}, with:
En=(t11< 5), Ely=(t11£2)A(t12< 5), and Ki=(c1<10). &2={[q20,a,92.E2,{t21},K2],
[q2,b,920,E22,{t22},K2]}, with: E21=(12<3), E22=(121>0), and K2=(c2<10). Since V=Vc1=Vc2, only

one counter, for example cl, is used (Remark 4.3.a), and transitions of A}, A5, and A}xA), are enabled

only if (c1<10). The synchronized product of A} and A} is represented on Figure 6.c. O
(a; (11,£5); (tn};c1<10)) (a; (12:53); {t21};c2<10 (a; ((tu<5)A(122£3)); {tn 21} 5¢1<10)
@ @ @- @) @k a®
(b; ((tu£2)A(155)); {u12);c1<10) (b; (2>0); (122 };c2<10) (b; ((tn £2)A(t12£5)A(2>0)); (1, ,12,}:c1<10)
6.a. A} 6.b. A} 6.c. At=AjxA}

Figure 6. Synchronized product over the same alphabet
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4.5.2. Product of two timed automata over alphabets V1 and V3 with ViCV;
Before defining the product over alphabets Vi and V3, with V 1© V>, let’s give two definitions.

Definition 4.13. (Operator @ on ET)
Let Eq(ts), E2(ts), ..., Ex(ts) be k T_Conditions (Def. 4.2), depending on a set of timers {ty, t2, ..., tn ).
We define E(ts)=Ej(ts) @E(ts) D...@E(ts) as follows.

(E(ts)=False) & {Vie{l,... k}, V pe IN: E;(ts+p)=False } O
Informally, E1(ts)®...@E(ts) is false if and only if all E;(ts) are false and remain false with the passing
of time. If for instance T={t},E1(t])=(11£5), E2(t1)=((t;>2) A(11£6)), then E(t})=E(t]) ®E(t])=(1;<6).

Definition 4.14. (Extension of a timed automaton)
Let At=(Q,V,T,7.5,q0) be a TA over an alphabet V with T={t;,...tn }, ¥={Vc,,...,.Vcnc}, and then
C={c1,....cnc }- Let ET (resp. Ec) be the set of T_Conditions w.r.t. T (resp. F_Conditions w.r.t. C). Let
W be an alphabet such that VEW. The extension of A' to the alphabet W, noted Extw(A!), isa TA
defined by (Q,W,T,%,8¢x1,.q0), Where 8ex CQXWxQXEx2TXE is such that :
(1)V q1,92€Q, V eV, VE€ET, V RCT, V KeEc: [{(q1,0.92ERK] €8 < [(q1,6,g2.E,R,K] €8¢y .
(2) V qe Q: Let E; € ET, for i=1,..., k, be all the T_Conditions of ET such that : 3 g€ Q,3cjeV,

3 R;e2T, 3 K;e Ec, with [(q,61.9;Ei.Ri Ki] €8, and let then E= E{®E»®... ®Ey.

Then Voe W-V: [(q,0,9" E'\R,K]e d¢exi & (q'=q, E'=E, R=J, K=True).
If B'=Extw(A"), then Alis called projection of Bt in the alphabet V, and is noted A'=Projy(B?!). O

Informally, Extw(A") is obtained by adding selfloops of all events of W-V (o each state of At. The
resets of these selfloops are empty, and their T_conditions are defined as follows. The T_Condition of
the added selfloops at a state q of Al is true if at least one of the transitions defined in At from q is
eligible (Def. 4.5.) The F_Condition for events of W-V is always true, and then Extw(A!) does not
necessarily respect the finiteness property (Property 3.1).

Intuitively, let Pexand @ be two non terminating processes respectively specified by Extw(At) and A,

where Alis defined over the alphabet V. An external agent who can observe all and only the events of
V, cannot differentiate the two processes. If the T_Conditions of the added selfloops in Extw(A!) were
always true, the external agent may see @ ex( as a terminating process. In fact in this case, it is possible
that a selfloop of an event of W-V is indefinitely executed. In Example 4.3 (next Section 4.5.3), the two

timed automata of Figures 7.a. and 7.b. are extended into the two timed automata of Figures 8.a and 8.b.
Lemme 4.1. If Lat is the timed language accepted by a TA Al over an alphabet V, and if W is an
alphabet such that VEW, then: Lgxty,(A)=Extw(Lat). (see Def.3.4 for Extw( L)

(Proo f : See Appendix A). 0O

Before defining formally the product over V1 and V2 with V1CV2, let's give an intuitive definition. Let
A and A} be two TA defined over V1 and V2 with VicV2. The product of these two TA is a TA
specifying a system which may execute all and only the infinite timed traces which both :

are accepted by A', and whose projections (Def. 3.3) on V1 are accepted by Al .
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Definition 4.15. (Product over V1 and V2 with V1cV2)

Let Ai=(Qi,Vi,Ti,,0i,qio), for i=1,2, be two TA (Def. 4.6) over alphabets V1 and V2, with Vig V2,
TiNT2=9, and M={Vciy,...,VcCing;}, 1.€., €ach A‘i uses a set Ci={ciy,....cinc;} of counters where each Cij
is w.r.t. Vcij. Their synchronized product, noted A\®Aj, is defined by :

AL®AY =(Q,V2,TIUT2, Y12, 8,q0)= Extya(A])xXA;  (See Def.4.12 and 4.14 for X and Exty,(A})). O

Theorem 4.2. If LY and L} are respectively the timed languages accepted by A} and A}
respectively over alphabets V1 and V2, with VIC V2, then: Lp\gaA,=LExtyy(A)) LA, (Proof : See

AppendixA ). O

Property 4.3. Let A and A} be two TA, respectively over alphabets V1 and V2 with VicVa. If Al
respects the finiteness property (FP), then A \®A] respects the FP. (Proof : See AppendixA). 0O

Remark 4.4. (a) in Definition 4.15, if V1=V2, then A{®A4=A|xA} (Def. 4.12), because Extyy(A})=A! ;

(b) From Theorem 4.2, we deduce that if A} and A}, specify two sequential processes respectively over
alphabets V1 and V2 with VI1C V2, then their synchronized product also specifies a sequential process.

4.5.3. General parallel product of two timed automata

Before defining formally the parallel product of two TA A‘1 and A'z, respectively over alphabets V1 and
V2, let's give an intuitive definition. The product of A} and A}, is a TA specifying a parallel system
which may execute all and only the timed traces over the alphabet ViU V2: (a) whose projections

(Def.3.3) on V1 are accepted (Def.4.10) by A‘l and ; (b) whose projections on V2 are accepted by A‘z.

Definition 4.16. (Parallel product of two TA) '
Let Ai=(Qi,Vi,Ti,7.,0i.gio), fori=1,2, be two TA over alphabets V1 and V2, with TINnT2=@, and
U={Vciy,...,Vcing;}. Their parallel product, noted AtlllAtz. is defined by :

Al AS= (Q, V1LV 2, TIUT2,Y1UM,8.q0) =Extyi uva(A)DXExtvauvi (AY). a

Remark 4.5. In Definition 4.16, if VICV2 then A{JA,=A{®A), andif VI=V2 then AjJAS=A|xA}

Theorem 4.3. If Lt and Ly} are the timed languages accepted by two TA A} and A} over
alphabets V1and V2, then:  Lat1AL=L Extyova(ADOL Exty iuva(AY (Proof : See Appendix

A). O

Property 4.4. If two TA A} and A}, respectively over alphabets V1 and V2, respect the finiteness
property, then AYJ A} respects the finiteness property. (Proof : See AppendixA). 0O

Example 4.3. Let A{=(QLV1T1,71,81,qlp) and AY=(Q2.V2T2,12,82,q2%) (Figure 7), with
U={Vci1}={Vi}, Qi={qio qi}, Ti={tijtiz}, Mc=Mci =10, for i=1,2. Vi={a,b}, V2={a,c}. Timers are
t;, tl, 2 and t2;, and counters are c1; and c2;.

d1={[q10.a,q1,E1y,{t1; },K1].[q1.b,q10.E12.{t12 },K1]}, E11=(11;55), E12=(11;<2) A(11255), K1=(c1,<10).
82={[q20,a,92,E2,{ 21 },K2],[q2,c.q20.E2;.,{12; },K2]}, E21=(12,<3), E22=(12,>3), and K2=(c2,<10).
Extviuv2(A}) and Extvauvi(Ab) are on Figure 8, and the product of the two parallel TA is on Figure 9.
The F_Conditions (Def. 4.4) of transitions in A‘lll A‘z (Fig. 9) are as follows.
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Transitions with event a are enabled only if both (c1;<10) and (c2,<10) are true (a@e Vc1,nVc2)).
Transitions with event b are enabled only if (c11<10) is true (because b € Vc1,).
Transitions with event ¢ are enabled only if (c2;<10) is true (because ¢ € Vc2;).

(a; (1,S5); (tn )3(cn<10)) (a; (12223); (1) s(ca<10)
@ () @= i;)
O (2)AusS)); (t12)3(c1<10) (c: (t2>3); {1t }i(ca<10

7.a. A} 7.b. A}
Figure 7. Two concurrent automata

(c: u.SQ; @:True) © (S2A,I)): BiTrue) (b (12, i3): @:True) (b; True; @:Tme)
(a; (11,25); {tn )3(cy<10)) N (@ (2:23); (1) i(ca<10)
D : ’(i] G@= «C
(b; ((11,22)A(11,55)); {t1,):(c1,<10)) (c; (@>3); {12, ):(cy<10
8.a. Extyjuva(A)}) 8.b. Extyauvi(AY)

Figure 8. Extensions of the two concurrent automata of Figure 7

(c; ((tz.>3)A(tn55)):{LZz]:(c21<10))o<(b: ((1=2)A(1 £5)); {U13):(cn<10))

q (a; (t11€5)A (122 £3); {t512) ;((cn<10)/\(c2,<10)7

I -4
(b (US2)AUSHAMRSI)); (1,):(e<10) (€ (@>3)AMSA1ES)); (125) ;(c2< 10))
Figure 9. Synchronized product A}||A}

S. Untimed automata

The problems we have encountered with timed automata, are the following :

(a) Respecting the timing requirements (T_Conditions and F_Conditions) does not ensure to avoid
states respecting a given "indesirable” property, such as deadlock states;

(b) Finding and removing these "indesirable" states is not self-evident;

(c) Several processings (reductions, projections, minimization, ... ) are not self-evident.

The approach we have used to tackle these problems consists in transforming a timed automaton into an
equivalent untimed automaton (Def. 5.1) where transitions do not depend on parameters and where the
event tick is represented by a transition. Therefore, all known methods used for FSMs can be used for
untimed automata. Let's see two examples :

- We can remove deadlock states; _
. - An untimed automaton (UA) defined over an alphabet W'=WuU/{tick) can be projected in any alphabet

\="'A
Thus, before making some processings, it may be convenient to transform a TA into a UA.
Definition 5.1. (Untimed automaton, operator UntimeA )
Let A=At =(Q,V,T,(V},8,q0) be a TA over an alphabet V which accepts (Def.4.10) a timed language L,

and let LY=UntimeL(L). The untimed automaton AU=(Qut,VuU({rick },89,(qo,0,0)) is the minimal FSM
over the alphabet VU ({rick} which accepts the untimed language LU.
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Sut cQux VU tick }xQu defines the transitions of AW, and (qg,0,0) is the initial state of Aut
In other words : Laut =UntimeL(Lat), (Def.3.6, for UntimeL), and At and AW are called equivalent.
A sufficient condition of existence of AW is the finiteness of the sets of timers and counters.

We also define the surjective operator UntimeA such that : AR=UntimeA(AV). a

Example 5.1. Let's consider the timed At =(Q,V,T.{V},0.q0) on Figure 10.a, where we use one timer t,
and one counter ¢1 w.r.t. V. Since Mt;=5 and Mc =5, t] is smaller than or equal to 6, and c is smaller
than or equal to 5. The obtained untimed AU! is on Figure 10.b, each state being defined by (q,t1.c1),

where q is a state in AL,

Remark 5.1. Since untimed traces accepted by A" correspond to infinite timed traces accepted by At,
then AUt accepts only infinite untimed traces, and does not contain indesirable states. An indesirable
state is either a deadlock state or a state from which only a selfloop tick is executable.

- A deadlock in AUt is indesirable, because it has no sense. In fact, a deadlock state means that the event
tick is not executable. Therefore, the passing of time is stopped!

- A state from which only a selfloop tick is executable is indesirable, because it implies that Aut

accepts a trace TRC=UntimeT (Trc) where Trc is a finite timed trace!

Informally, AUt allows to represent a real-time system specified by A!, as a system without timing
requirement, but where a new event tick is added. This event, which models the passing of one unit of
clock time (uct), is processed like any other event.

(b ;True;{t1};c1< 5)

(a; (1150) A(LL5);Tisc1< 5) \

2
(c ;True ;{t1};True) ?

10.a. At 10.b. Aut
Figure 10. Timed and untimed automata

Let's give an idea of how AUl is obtained from Al over an alphabet V, when only one counter ¢y, w.r.t.
Vc 1=V is used. This implies that A! respects the finiteness property (Property 4.1). Let T={ty,..., tng } be
a set of timers used for defining Al, let Mt; be the maximum value a timer t; is compared to, for defining
the T_Conditions (Def. 4.2) of all the transitions of A!. In this case, t; does not need to be incremented
as soon as tj=Mt;+1 (Def. 4.7). A state of AU is defined by (ql,ts,c1), where q1 is a state of At,
ts=(t1,...,tNt) is a timer state (Def. 4.1). The passing of one uct is represented in AUt by the event tick .
Execution of tick from state (ql,ts,c]) leads to state (ql,ts+1,0), i.e., timers are incremented and the
counter is set to zero. Execution of an event o#tick from state (ql,ts,c;) of AUt leads to state
(q2.ts',c1+1), where q2 is a state of At which is reached by a transition tr=[q1;6;q2;E;R;K] from state q1

of At (with E and K=(c1<Mc) are equal to TRUE for the current timer state ts, and ¢<Mc), and ts' is
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obtained from ts by setting to zero timers belonging to R. Besides, AUl is minimal and does not contain

indesirable states.

Remark 5.2. (a) if ts=(Mt;+1, ..., Ming+1) then ts+1=ts. In this case, an event tick is a selfloop in Aut;
(b) Since two A}" over alphabets ViU({rick }, for i=1,2, are FSM, we can use the classic synchronized
product between them, noted A‘l"xA“', where events of (V 1NV 2)U({ tick} are executed conjointly.

(c) The product UntimeA( A‘,)xUntimeA (A'z) may contain deadlocks, therefore it does not correspond to
a real DES. In fact, a deadlock prevents the event tick, i.e., the passing of time is stopped.

Lemmas 5.1. Let At =A}=(Q,V,T,¥%,8,q0) be a TA and AW=UntimeA(A)=(Qut,V U tick 1,6 {qo.0,0)).
Let's remind some notations : (a) Nt and Nc are the numbers of timers and counters; (b) Mc bounds all
the Mc;, for i=1,...,Nc; (c) Mt is the maximum constant any timer is compared to; (d) IQI and 18l are
numbers of states and of transitions of Al

5.1.a. The number IQut| of states of A" is bounded by : IQIx(Mt+2)Ntx(Mc+1)Ne

5.1.b. The number I3%| of transitions of AUl is bounded by : (IQI + I81)«(Mt+2)Nt«(Mc+1)Ne

5.1.c. The complexity for calculating AW is in : O(1QUtI2)=0( IQI2x(Mt+2)2Ntx(Mc+1)2xNe ) |
IQu, | 84| and the complexity for calculating A4 are then exponential in the numbers of timers

and of counters. (Proof : See Appendix A ). O

Remark 5.3. (a) The number of counters is not really a problem. In fact, in general one counter is
sufficient, for ensuring the finiteness property. Therefore, the complexity is essentially due to the
number of timers. (b) If the timing requirements are only between consecutive events, one timer is

sufficient for specifying temporal constraints. In this case, the complexity is no more exponential.
Properties 5.1. Let A} and A}, be two TA respectively over alphabets V and V.

5.1.a. IfV1=Vy, then: UntimeA (A|xAY) <UntimeA(A')xUntimeA (AY)
5.1.b. IfVicV3,then: UntimeA (A|®A)) SUntimeA( A\ )xUntimeA (AY)
Sd.c. IfVy-Va#@and V-V, then: UntimeA (A}l AY) SUntimeA(A\)xUntimeA (A%)
5.1d. IfVi=V3, then: LA CLA, = LymimeAW)DSLUntime (AY)
S.d.e. If VicVa,then: UntimeL(Proj v, (LAY N=Projv,( UmimeL(LA'2 )
(where A £ B means LpcC Lp) Proof : See Appendix A O

6. Temporized automata to specify a protocol and timing requirements on the medium

As it is mentioned at the beginning of Section 5, the use of untimed automata is convenient to make
several processings. This fact is taken into account by the procedures of protocol synthesis in Sections 7
and 8, where timed automata are transformed into untimed automata (Sect. 5), before making some
computations on the specifications. The results of these procedures are then untimed automata which
specify modules to be implemented.

The problem with untimed automata is that they are not convenient to specify systems to be
implemented, because the number of states and transitions may be very important (Lemmas 5.1.a and
5.1.b). Our aim is then to transform every untimed automaton A% into an equivalent and more concise
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automaton. The first idea which comes into the mind is to compute a timed automaton Al such that
Aut=UntimeA(A') (Def. 5.1). The main problems with timed automata are:

- the respect of timing requirements in a TA may lead to deadlocks;

- the computation of a TA Al such that AU=UntimeA (A"Y), is not self-evident.

Therefore, we propose a second model based on temporized automata where the above problems do not
exist. Temporized automata are not used to specify a desired service and a supremal behaviour of the
medium (Sect. 4), because they are less intuitive than timed automata, and then cannot be easily
computed from an unformal specification.

6.1. Temporized automata

Before defining formally a temporized automaton, let's give an intuitive idea. A temporized automaton
AP uses a variable i and a timer t. The enabling condition of every transition of A depends on i and t.
When a transition occurs, the current values of t and i may change.

Definition 6.1. (Timer t, variable i)

Timer t is a variable which belongs to a finite set T={0, 1, ..., tmax} of natural numbers.

t is automatically incremented by one with every tick, if its value is smaller than tay.

The variable i is a variable which‘belongs toafiniteset T ={1, 2, ..., imax} of natural numbers..

t and i can be set with the occurrence of any transition. O

Let A=(Q,V.8.q0) be a FSM where Q is a set of states, V is an alphabet, qg is the initial state, and
dCQxXVxQ defines the transitions, i.e., a transition of A can be represented by [q,0.r]. Let's see how a

temporized automaton can defined from the FSM A.

Definition 6.2. (Transformation function, temporized transition)
Let T and L be respectively the sets of values of timer t and variable i.
A transformation function, w.r.t. Tand L , is any function : L XT — 1 XT . Let then 4 be the set of
transformation functions, w.r.t. T and 1 .
A temporized transition, w.r.t. A and T and 1 , is defined by Tr=[q1,0,q2;A], where [91,0,92]€d and
Ae A . The semantics of Tr is the following.
Let q1 be the current state, i1 be current value of i, and t be the current value of t.
(1) o may occur only if A(iy,t) is defined;
(2) o must occurif A(i1,t1) is defined and if A(iy,t) is not defined for any t>t;.
(3) after the occurrence of ¢ : (a) the state q3 is reached;
| (b) timer t is set to tp, and variable i is set to ip, where A (i1,t1)=(i2,t2). O
A temporized automaton A'P can then be constructed if we transform every transition tr=[q1,0,g2] of A

into a temporized transition Tr by associating to it a transformation function.

Definition 6.3. (Temporized automaton)
Formally, a temporized automaton AP =(Q, V, 8P, 1 , T, qy, io.lo) is defined as follows. Q is a set of

states, V is the alphabet, 1 and T are respectively the sets of values of i and t, qq is the initial state, 1o
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is the initial value of i, ty is the initial value of t, and 8P CQXxVxQx 4 defines the temporized transitions
(Def. 6.2). O

Definition 6.4. (Acceptance of a timed trace and of a language, equivalence, partial order relation)
Let AP=(Q, V,8P,1,7T ,qo,io.to) and let Tre= (o1,71)...(C;,T;)... be an infinite timed trace.
Let 7r=Tr; Tr;...Tr... be an infinite sequence of transitions of AP, with :
Vie N* : Tri=[qi-1.0i.gi:A ] 8.
- The infinite timed trace Trc= (0 1,71)...(C;,T;)... is accepted by Tr, if and only if :
For all i>0 : uj=ci.1, Vi=ti.1+Ti-Ti.1 , and (ci.b)=A;(ui,vi) ; where 19=0, co=ip.
- The infinite timed trace Trc= (G1,11)...{C;,T;)... is accepted by AW if and only if there exists an infinite
sequence Tr of transitions of AP which accepts Trc.
- A timed language, noted LAtp, is accepted by A if it contains all and only the traces accepted by AP,
Informally, a system modeled by AP may execute a trace accepted by AP,
- AP and AY are equivalent, and noted AT=AT, if and only if LAP =LAy .
- AP is smaller than or equal to AT, and noted AT<AY . if and only if LAp CLAY . O

Definition 6.5. (Operator Temp )
Let A" be an untimed automaton accepting the untimed language Laut, we define the operator Temp
by:
AP=Temp(AR) & Lp=TimeL(Lpunt) & Low=UntimeL(Lap) (See Def. 3.6).
If AP=Temp(AW) then AP and A" are called equivalent. O

6.2. Transformation from an untimed automaton to a temporized automaton
Since a temporized automaton A'P is automatically computed from an untimed automaton AU, let's
show in a simple example the principle of the transformation from AW to AW, The untimed automaton
considered is represented on Figure 11.a, and our aim is to transform it into an equivalent temporized
automaton modeling the same behaviour (Def. 6.5). The main steps to transform AUl into AP are
semiformally enumerated below.
Step 1: Defining states of AP
To each subset S of states of AUt which are closed under tick, corresponds one state S in AP, Let then:

- QW and Q be respectively the sets of states of AUt and A,

- 2Quitick) be the set of subsets of QU closed under tick,
- The bijection Paut : 2QU€tick) — Q, such that Put(5)=S.

In the example (Fig. 11.a), Qu'=(1, 2, ..., 13}, 2QUick)={ 7, @, C}, where 4=(1,2,3}, B={4,5},
C={6...., 13}, and then Q={A, B, C}, with PAu(A4)=A, PAu(B)=B, P ou( O)=C.

Step 2: Relabeling the states of A¥
All the states of AUl are renamed as follows.
For every subset §' of states closed under tick, i.e., associated to a same state S of AP :

- Let Ng be the number of states s, ..., Sng of § without an ingoing tick ;
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- Every state of .§ is associated to an Ng-uplet. The latter is computed with the three following rules;

R1: A state sj (without an ingoing tick) is associated to the Ng-uplet (1, ..., §j, ..., tNg) with
ti =0, and tj= A if j # i, where A is a negative value.

R2 : Let e be a state of § associated to an Ng-uplet (y, ..., INg). For every state s; (with iSNg), if e
cannot be reached from s by a sequence of ticks then : tj= A .

R3 : Let e and f be two different states of §, respectively associated to the Ng-uplets (tj,...,tNg) and
(1,..,uNs). If fisreached from e after a tick then : uj=t;+1 if t; # A, for i=1, ..., Ng .

- Every state e of S is then relabeled by (S;t), where S is the same for all states of S, and t is an Ng-

uplet computed with the the three above rules.

-If t = (1,...,INg), then every t; is called the component i of t, if tj# A.

- Let then T5 be the set of all Ng-uplets associated to the states of S; Ts; (with i<Ng) is then the set of
components i of elements of Tg.
The relabeling of states of AW of Figure 11.a is represented on Figure 11.b, with :
-Na=l, Ng=1, Nc=2,
- Ta=(0, 1,2}, T8={0, 1}, Tc={(0, A), (1, &), (2, X), (3, 1), (A, 0). (A, 1), (A, 2), (4. 3)},
Tc1={0, 1, 2, 3,4}, Tc,=(0.1,2,3)}.

Step 3 Computing transitions of AP

For every pair § and Sy of sets of states closed under tick :

- Let S; and St be the corresponding states in AP (see Step 1);

- All transitions executing a same event o, from any state of § towards any state of Sy, are represented
by a same transition Tr=[S;,0,S;A] in AP, where A is a transformation function (Def. 6.2) computed
as follows.

- If a transition tr=[(Sp,t),0,(Sr.u)] is defined in A™, with t=(t, ..., tNg,) and u=(uy, ..., uNg,) then :
for any i <Ngj such that tj#A, A(i,tj)=(k,uk), where k is the smallest indice such that ug#A.

For the example of Figure 11.b, we obtain the temporized automaton A'P=(Q, V, %, T, 1 , qo, to.io)

represented on Figure 12, with:

1 ={1,2} because two sequences of ticks (from states 6 and 10 of Fig. 11.a) are closed under tick.
T={0,1, 2, 3, 4, 5} because 4 the biggest length of a sequence of ticks.

go=A, ip=1, tp=0, and the transformation functions are :

A1(1,00=A1(1,1)=A1(1,2)=(1,0), A2(1,0)=(1,0), A3(1,1)=(2,0),

A4(1,2)=A4(1,3)=A4(2,2)=(1,1), and A5(1,3)=A5(1,4)=A5(2,3)=(1,2).

Let's mention that a temporized transition Tr=[q1,0,q2;A] is represented graphically by : @ ©A) @
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11.a. Untimed automaton Aut 11.b. Relabeling states of AUt with values of timers
Figure 11. Renaming states of AW before transforming it into a temporized automaton

Figure 12. Temporized automaton corresponding to the untimed Aut of Figure 11

Property 6.1. Let A" and B" be two untimed automata over a same alphabet V.
A"<B" & Temp(A™) < Temp(B™)
(where Temp(A™) < Temp(B") means Lygmpyamty CLremppuy).  Proof : See Appendix A m|

Lemma 6.1. Let AU be an untimed automaton and AP=Temp(AW). Let IQu!l and I8Y be respectively

numbers of states and of transitions of AU, The complexity for calculating AP from AW is in :
O(1QUt[*[VI*loga(IQUtI*IVI) + 15Ut |xIQ ut|2 xlog,(IQ 1) ) (Proof : See AppendixA). O

7. Protocol derivation for sequential real-time systems

The two starting points of the protocol derivation are (Sect. 2) : (a) a specification of the desired service;
(b) a model of the supremal behaviour of the medium. They are specified with timed automata (Sect. 4).
The results of the protocol derivation are the specifications of (Sect. 2): (i) the protocol in each site of
the distributed system; (j) the timing requirements on the medium. They are specified with temporized
automata (Sect. 6).

In the present section, we propose a procedure of protocol derivation when the desired service is
sequential and specified by one timed automaton. Before. presenting the main steps of the procedure,
let's give the following definition.

Definition 7.1. (outgoing, ingoing, out(q), in(q), outst;(q), nbrout(q) )

Let SSt be a TA specifying a desired service, and let g be one of its states.

Outgoing (resp. ingoing ) transitions of q are transitions which are executable from (resp. lead to) q.
out(q) (resp. in(q)) contains identifiers of sites where outgoing (resp. ingoing) transitions of q occur.
outstj(q) is the set of states of SS! reachable from q by transitions executed by PE;.

nbrout(q) is the number of transitions executable from g. a
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Example 7.1. For SSt of Figure 3.b (Sect. 4.1), in(1)={2}, in(2)‘={1}, out(1)={1},out(2)={2},
oust](1)={2}, oustz(1)=3, oust](2)=J, oustz(2)={1}, nbrout(l)=nbrout(2)=1. O

As mentioned in Section 2, the principle of the protocol synthesis is the following.
If after execution of a primitive A, by a protocol entity PE,, there is a choice between several
primitives executed by different PEy;, for i=1,2,..., p, then:
When PE, executes the primitive A, it selects one PEp; and sends a message to it to inform it that it
may execute one of its primitives. This principle implies the two following rules.

Rule 1. The outgoing transitions (Def. 7.1) of the initial state qo of SS! are executable by a same
protocol entity, i.e., cardinal of out(qo) is equal to one (lout(qo)l=1). O
Informally, Rule 1 requires that the first action of the desired service is always executed by a same site.
Rule 2. After execution of a primitive A; by PE,, the choice between several primitives executed by
different PEy;, for i=1,2,..., p, is achieved in two steps.

- First Step:  PEj selects one PEy; ;
- Second Step : The PEy,; selected chooses one its primitives. O

7.1. Transformation of the service specification

The first thing to do is to transform SS! into another timed automaton TSS! (Transformed SS!) with the
following rules.

First step : each timed transition of SS*: @) (Ax: B(s): RiK(esD. @)

s replaced by L @MwRke @ @ o
A new state r is then inserted between each pair of states q1 and g2 connected by a transition.

r and g2 are connected by an internal transition i(q2) parameterized by q2.
After this first step, we obtain a TA noted TSt Let's notice that if a state of TS! is reachable by an

internal transition i(q), then its outgoing transitions are not internal.

Second step : The specification TS! is transformed into an equivalent TSS!, such that every state qi of
TSSt respects either condition C1 or condition C2, defined below.
C1 = only an internal transition i(q) is executable from gi (Fig. 13.a),
C2 = no internal transition is executable from gi, and all outgoing transitions (Def.7.1) of gi are
executable by a same protocol entity, i.e., cardimal of out(qi) is equal to one (lout(qi)l=1,
Fig.13.b). On Figure 13.b., out(qi)={k} and outsty(qi)={r1, ..., rp}.

(A Iy ; E1(ts); R 1:K 1(cs))
@ i@ o . >
« (Apy: Ep(ts); R piK p(cs)) >
13.a. internal outgoing transition 13.b. non internal outgoing transitions

Figure 13. Outgoing transitions in a state of the transformed specification TSSt.

The way for obtaining TSS! from TS! is the following. Every state q of TSt reachable by internal
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transition(s) (Fig.14.a), is replaced by as many states gi as the cardinal of out(q) (Fig.14.b) . Outgoing
transitions of states qi (which are not internal) must respect the preceding condition C2, and the
following condition C3. Ingoing transitions of states qi must respect the following condition C4.

C3 : Outgoing transitions of two different states qi and qj of TSSt (Fig.14.b), generated from a same
state q of TS! (Fig.14.a), are executed by two different protocol entities.

C4 : The sets of ingoing transitions (which are internal) of two different states qi and qj of TSS!,
generated from a same state q of TS!, are equal to the set of ingoing transitions of state q (Fig.14).

(A1, Ei(ts), R1, Ki(cs)) )® @ ifd) (A1, E1(1s), R1, Ki(cs)) :
(A% EAWCRE, KZ(“»)@ i (A3, E3(i). R, Ka(es)) y ®

(A2m , E2(ts), R2, K2(cs)) >®

(Ax, Ex(1s), R3, K3(cs)) )@ (p)
14.a. State e in TSt 14.b. Transformation of e in TSSt
Figure 14. Example of transformation from TS! to TSS!

Remark 7.1.(a) if two states r1 and r2 of TSS! are connected by a transition i(q) then lin(r1)l=lout(r2)l=1;
(b) if TSSt#TS!, then TSS! is non deterministic; (c) if for every state q of SSt, lou(q)l=1, then TSS!=TSt.

Definition 7.2. (Operator Transf )
Operator Transf is simply defined by : TSS'=Transf (SSY. O

Example 7.2. SS* of Figure 3.b (Sect. 4.1) is transformed into TSS! of Figure 15. In this example, only
the first step of the transformation is used, because lou(1)l=lou(2)l=1 (Remark 7.1.c).
A 82 (1) e<l)

( i(2)
i(1) @‘ (B2; =<2 {t}; c<1)

Figure 15. Transformation of SS! of Figure 3.b.

7.2. Procedure of protocole derivation for a sequential desired service

The entries of the procedure are : (a) a TA SS! specifying a sequential desired service; (b) For each pair
(PE;,PE;), a TA SupMed; j (Sect. 4.2) specifying the supremal behaviour of the medium.

The proposed procedure of protocol derivation, is called Der_Seq_Prot and consists of ten steps.
Step 1: SSt is transformed into TSSY, i.e., TSS'=Transf (SSY (Sect. 7.1, Def. 7.2).

Step 2 : From TSStand the different SupMed; ;, we generate MedSSE with the following rules :
- A not internal transition remains unchanged.

- An internal transition i(q) @ @) >-@ is replaced by :

Case a : if in(ql)=out(q2) (Def. 7.1), the transition becomes : @ & )—@

‘j9

Case b : if in(ql)={i}=out(q2)={j}, the transition becomes :
@1 (s! (q);True; {tiik Tmc)}o(f} (@) Eij(t;): @ Tmc)>@

The transformation of Step 2 uses SupMed‘id- (Sect. 4.2), but with s{ and r; parameterized by q.
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Informally, i(q) consists in : (a) doing nothing, if it connects two consecutive transitions of SS! executed
by a same PE;j ; (b) sending a message from PE; to PE;j, if it connects two consecutive transitions of SSt

respectively executed by PEj and PE;. The message is parameterized by q.

Step 3 : Transitions € of MedSSt are removed by projection for obtaining MedSSt. An algorithm for

removing these € is proposed in [2].

Step 4 : MedSSt is untimed (Def. 5.1) for obtaining MedSS"=UntimeA(MedSS"). MedSSUt is a minimal
FSM containing the event tick. Let's notice that the four following steps process FSMs with event tick .

Step 5 : We generate an untimg:d automaton GPSU (global protocol specification), by adding a second
parameter to each event sJ; (q) or r}(q) in MedSSW, with the following rule :

i s - i s1(q.92 s et
A transition @—M is replaced by a transition @M . The same transformation is

made on transitions r}(q). This transformation allows to differentiate two transitions s{(q) (or r}(q) )

which do not lead to the same state in MedSSut,

Intuitively, if a primitive Aj is executed by a protocol entity PE;, and is followed by execution of a
primitive Bj by PE;j, then after execution of Aj by PEj, this one sends a message to PE; to inform it that it
may execute Bj. When there is no timing requirement, the message contains only one parameter q which
informs PE; about the primitive which has been executed. When there are timing requirements, PE;
sends a message with a second parameter q2 (event sl(q.q2) ); the latter informs the medium about the
delay t1 between Aj and sji(q,qz). When the message reaches its destination, the medium replaces q2 by
r2 (event r}(q,rz) ); the latter informs PE;j about t=t1 +2, where t2 is the transit delay of the message in the

medium.

Step 6 : For each PE;, the untimed automaton PS?l is derived by projecting GPSY in the alphabet
ViU{tick }, where Vj contains all events in GPS" executed by PE;j. An event of Vj may correspond to :
(a) execution of a primitive by PE;; (b) an event s-ii(q,qz); (c) an event r¥(q,r2), with j.k #i.

Step 7 : For each pair (PEj, PE;) and each q, where PE; sends to PE; a message whose first parameter is
q (i.e., events sl(g,*) and ri(g,*) exist in GPSY), the untimed automaton ReqMed}(q) is generated by
projecting GPS™ in the alphabet Vij@u{tick }. An element of Vij(q@ may be any event sJi(q,*) and
rj(q,*) of GPS". The obtained Requd‘i"‘j (q) specifies the behaviour of the medium when it carries, from
PE; to PE;j, a message whose first parameter is q.

The informal semantics of the different PS}" (Step 6) and Requdffj(q) (Step 7) is the following. If the

different protocol entities PE; are specified by PS}", and if the medium respects the specifications
Requd‘i’fj(q). then the service SSt is totally or partially provided (Def.7.3 and 7.4).

Step 8 : The systems specified by PS{" and ReqMedt(q) - obtained at steps 6 and 7 - must be in their
initial states simultaneously, when the discrete time t (Sect. 3.1) is initialized to zero. In another words,
the specifications PS}" and ReqMcd‘ifj(q) are relative to an absolute time. This implies that the local

clocks in all sites of the distributed system are synchronized and then equivalent to a global clock. The
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aim of the present step is to transform the specifications in such a way that the local clocks do not need
to be synchronized.
Let's remark that there is a redundancy in timings constraints of the specifications PS{" and
Requd{fj(q). In fact : (a) Since timing constraints on sendings of messages are specified on PS!, they
do not need to be specified on Requd{fj(q); (b) Since timing constraints on receptions of messages are
specified on Requd‘;fj(q), they do not need to be specified on PS}". Therefore, the transformation which
consists in removing timing constraints on : - Receptions of messages from any PS}";
- Sendings of messages from any Requdi‘fj(q).

does not modify the service provided to the user (Def. 7.3).
Besides, with this transformation the local clocks of the different sites do not need to be synchronized.
More formally, the transformation consists in :
For every PS!" and any k# :

- a sequence of ticks which precedes a transition rk(q,r) is replaced by a sequence of €;

- a selfloop tick is added to any state from which a transition rk(q,r) executable.
For every ReqMedt;(q) :
- a sequence of ticks which precedes a transition s} (q.r) is replaced by a sequence of €;

- a selfloop tick is added to any state from which a transition s] (q,r) executable.

After this transformation, transitions € are removed by projection.

Step 9 : The untimed automata PS{' and ReqMed;(q) obtained at Step 8 are transformed into

temporized automata, by using operator Temp (Def. 6.5). Therefore :

- Every protocol entity PE; is then specified by PS{":Temp(PSi‘");

- The behaviour of the medium, when it carries from PE; to PE; a message whose first parameter is q,
is specified by Requd’fj (@)=Temp(ReqMed;'(q)).

Step 10 : The temporized automata are transformed as follows.

For any i,j,q : all transitions [q1, s}(q,*).q2, 7] (where * is any parameter and ? is any function) are
represented by one transition [q1, s1(q,x),q2, fx], where x is a variable and fy is a transformation function
depending on the value of x. The same transformation is made on transitions [q1, ri(g, *),q2, 7).

An example of this transformation is given in Section 7.3.

End of Der_Seq_ @Prot B

Let's remark that Steps 8, 9 and 10 are closely related to the three important contributions (mentioned in
Abstract and Section 1.2) of this paper. In fact :

- In Step 8, the untimed specifications obtained by the protocol synthesis are optimized in the sense that
they do not necessitate to synchronize the different local clocks of each site of the distributed system
(Sect. 7 and 8).

- Step 9 uses temporized automata which are formally defined in Section 6;
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- In Step 10, the temporized specifications obtained by the protocol synthesis are improved in the sense
that they are more concise : several transitions are represented by one parameterized transition

(Example in Section 7.3).

Definition 7.3. (Provided service PrSSW)
For computing an untimed automaton (with event tick ), noted PrSS™, which models the service
provided to the user, one only has to project MedSSUt (Step 4) in VU tick}, where V is the alphabet of

SSt. Informally, this projection consists in keeping visible, in sequences accepted by MedSSUt, only
events of SSW. , O

Theorem 7.1. If SSt specifies a desired service, let SSUt=UntimeA(SSt) (Def.5.1), and let PrSSut be the
specification of the provided service. Then: PrSS® < SSW  (ie., Lpssut € Lgsut ).

The safety is then ensured. (Proof : See Appendix A . -

Definition 7.4. (Service totally or partially provided)

Let SSut and PrSSUt be untimed automata specifying respectively the desired and the provided service.
The service is said totally provided if and only if : SSu = PrSSut, je., Lprgsut = Lgsut ,

The service is said partially provided if and only if : SSU < PrSSW ie., Lpsgut CLgsut . ; a

7.3. Example

We consider the desired specified by SSt of Figure 3.b (Sect. 4.1), and the supremal behaviour of the
medium modeled by SupMed , and SupMed, | (Fig. 4, Sect. 4.2), with (7 7'=3'=1 and (P3=(F*=2,
Let's notice that the timers and counters, used for specifying a desired service and the supremal
behaviour of the medium, are fictitious. For example, the desired service of Figure 3.b just means that
the user wants that there must be at most two ticks between primitives A1 and B2. But the timers do not
really exist.

Der_Seq_Prot (Sect. 7.2) is used and the intermediate results of Steps 1 to 8 are represented on

Appendix B.
Step 9 : The specifications obtained are represented on Figure 16.
PSP=(Q1, V1, 87,1 1, T1s Quo. i 100 ti,0), With :

- 1a={1}, 71={0,1,2,3}, quo=1, i10=1, t;0=0.

- The transformation functions are: F1(1,0)=F1(1,1)=F1(1,2)=(1,0), F2(1,0)=(1,0), F3(1,1)=(1,0)
Fa(1,*)=(1,1) and Fs(1,*)=(1,2), where #* is any value T,.
PSP=(Q2. V2. 87.% 2. T2, 0. i20: t20)
-1 2={1}, T2={0,1,2}, C]2‘()=1, iz'():l, t2‘0=0.
- The transformation functions are: G1(1,*)=(1,0), G2(1,*)=(1.1), G3(1,0)=G3(1,1)=(1,0)
G4(1,0)=(1,0) and Gs(1,1)=(1,0), where * is any value T .

RegMed,(2) =(Q3. V3, 87,1 3. T3, Qap. i30. tag)
-1 3={1.2}, T3={0,1.2,3}, q30=1, ia0=1, 130=0.
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- The transformation functions are: H1(1,*)=(1,0), H2(1,*)=(2,0), H3(1,1)=(1,0)
Ha(1,2)=H4(2,1)=(1,0), where * is any value Tj.

Requd‘§ 1 (D=(Q4, V4, 841 4 Tas Qv la0r ta0)
-1 4={1,2}, T4={0,1,2,3}, qa0=1, is0=1, ts0=0.
- The transformation functions are: K1(1,*)=(1,0), Kz2(1,*)=(2,0), K3(1,1)=(1,0)
K4(1,2)=K4(2,1)=(1,0), where * is any value T4.
Let's mention that 1 3=1 4, T3=T4, and Ki=Hi, fori=1, 2,3,4.
The elements of Qj and Vj, for i=1,2,3,4, are represented on Figure 16.

(r¥(1,2), Fa) 32,100, G))

) ]
(r7(1,3), Fs)- deincy ¢ ‘2(22‘6)' i ((512((,1 :;))E')
(A1, F) B2Gy @ﬁ@“" = @C_—Z‘L@Sz —re
2
53(2.6). F2 (4(1,14),G 9 gz.g:(g?; g'zgi; f;
(s3(2.7), F3) (s3(1.15.G s i i
16.a. PSP 16.b. PSP 16.c. ReqMed®,(2) 16.d. RegMed? (1)

Figure 16. Temporized specifications obtained at Step 9

Step 10 : The specifications obtained are represented on Figure 17, with :
f2=F4, f3=Fs, f¢=F2, f7=F3;
g10=Gi1, g11=G2, £14=Ga, g15=Cs ;
he=H;, hy=Hz, hio=H3, h;1=Hs4 ;
k2=K3, k3=Ks4, k14=Ky, ki5=K3 ;

(@ f(1.x), ) 22.%). gx) A
(AyF (B Gy (s{(2.x), hx) (s3(1,%), ky)
(s§(2.%). ) (sh(1,x), gx) (3 2,x), hy) (ri(1,x), k)
17.a. PSP 17.b. PSP 17.c. ReqMed?,(2) 17.d. ReqMed? (1)

Figure 17. Parameterized temporized specifications obtained at Step 10

The informal semantics of PSP, PS’P, ReqMed,(2), and ReqMed] (1) is the following. If PE; and PE;

respect respectively the specifications PS‘Ip and PS‘ZP, and if the medium respects the specifications

ReqMed?,(2) and RegMed? (1), then the desired service SSt of Section 4.1 is totally provided.

The service is totally provided (Def. 7.4) because the projection of MedSSU! (Step 4) in alphabet

VuU(tick}, is equivalent to SSUt=UntimeA(SS").

8. Protocol derivation for parallel and concurrent real-time systems

8.1. Introduction

For the sake of simplicity and without a loss of generality, we consider only a parallel system composed
by two sequential systems. A desired parallel service is then specified by two TA (Def.4.6) SS![i] over

alphabets V[i], for i=1,2. Each SS'[i] specifies a sequential desired service. Let's consider three cases :
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(@) V[1]1cV[2] : SS'=SS![1]®SS![2] (Def.4.15) is a sequential service (Remark 4.4.b), and we may use
the procedure Der_Seq_®Prot (Sect. 7.2) for deriving the protocol providing the service specified by
Sst.

(b) V[i]#D and V[i]nV[j]=D, for i,j=1, 2, and i#j : SS![1] and SS![2] are independent and compose a
parallel system (Def. 4.11). We may process each sequential service separately, i.e., for each SS![i], we
use Der._Seq_Prot for deriving the sequential protocol which provide SS'[i].

(c) V][i]-V(j]1#2 and V[ilNV[jl1#D, for i,j=1, 2, and i#]j : SS'[1] and SS![2] are dependent and compose

a concurrent system (Def. 4.11). This case is studied in detail in the rest of the present section 8.

8.2. Solution for the problem of the choice

In a concurrent system, we think that one of the main problems consists in avoiding possible deadlocks.
For that, Rule 2 (Sect. 7) is too weak. Therefore, a more restrictive rule is used.

Rule 3. All choices are executed by a same protocol entity PE¢. Therefore, after execution of a primitive
A, by PEj, the choice between several primitives executed by different PEy, for i=1,2,..., p, is achieved
by PEc as follows : - PEj "passes the buck” to a given PE;

- PE selects PEy,; and the primitive to be executed. a

" Rule 3 seems too restrictive, and we intend to weaken it in a next version.

To respect explicitly Rule 3, we must add to SS![1] and SS'[2] some timed transitions (Def. 4.5) noted
[q1,ic, 2, True,d,True], where ic is executed by PE. These timed transitions are added as follows :

For each state q of SS![i], for i=1, 2, where nbrout(q)>1 (Def. 7.1), the structure of Figure 18.a. is
replaced by the structure of Figure 18.b, where Try, ..., Try are ougoing transitions of state q. The
specifications obtained are noted SS¢[1] and SS¢[2].

Tr (ic: True: @:True) —~ Tt
O . Tt @ G(: (i¢: True: @:Truc)o . T, >®

18.a. Before adding events i 18.b. After adding events i

Figure 18. Adding events i

Instead of using Rule 1 (Sect.7) for the two services SS![1] and SS![2], the following stronger rule is
used.
Rule 4. The outgoing transitions (Def. 7.1) of the two initial states q,0 and g3, of SS![1] and SS![2] are

executable by a same protocol entity, i.e., out(q)=out(qz,0) and lout(q g)l=lout(q2,0)l=1. O

Informally, Rule 4 requires that the first action of the desired service is always executed by a same site.

Without Rule 4, if SS![1] and SS![2] are dependent then synchronizing the local clocks of the different
sites is mandatory, and the transformation of Step 8 of Der_Seq_Prot cannot be used.
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8.3. Procedure of protocol derivation for a concurrent system

Let two TA SS![i] over alphabets V[i], for i=1,2, and a TA SupMed,, for each pair (PE,,PEy), the
procedure of protocol synthesis for concurrent systems, called @er_Conc_Prot, consists of eleven steps.

Step 1 : SS![i] are modified into SS¢[i], for i=1,2, (Sect. 8.2). Besides, any two states of respectively
SSY[1] and SS{[2] must be identified differently. This is necessary for not confusing exchanged
messages, which are paramelterized by identifiers of states (see Der_Seq_Prot in Sect. 7.2).

Step 2 : Steps 1 to 5 of Der_Seq_Prot are applied to each SS¢[i] for obtaining GPSE[i], for i=1,2, but
with the following difference : at the third step of Der_Seq_@®rot , not only transitions € , but also
transitions executing event ic are removed. Let Vg[iJu {rick } be the alphabet of GPSg'[i], then
V[l Vglil.

Step 3 : The synchronized product GPSg'=GPS'[i]xGPS¢'[i] is computed.

Step 4 : Indesirable states are removed from GPS¢' for obtaining GPSU. A state is indesirable if it is
either a deadlock or only a selfloop tick is executable from it (Remark 5.1). For removing indesirable
states, we may use a fixpoint method similar to the one used in the control theory for computing ‘

supremal controllable languages [12,32].
Step 5: The untimed protocol specification PSE' of PE (Sect. 8.2) is obtained by projecting GPS' in

alphabet V ¢U{ tick }. V ¢ contains all events of GPSUt executed by PEc, and these events are of the form
se(*,%) and rz(*,*) (see Step 2 of Der_Seq_Prot ), where * may be any parameter.

Step 6 : The sequential GPSU![i] are obtained by projecting GPS'" in alphabets Vg[i]Ju({tick )} of GPSE![i]
(Step 2), for i=1, 2. The sequential processes specified by GPSU[i], for i=1,2, interact with PE specified
by PS&" and do not lead to an indesirable state.

Step 7 : For each GPSU'[i] (for i=1,2), we apply Step 6 of @er_Seq_Prot for obtaining the untimed
automata (UA) PS;"[i] which specify PE; (j=1, ... ,n).

Step 8 : For each GPSU![i] (for i=1,2), we apply Step 7 of Der_Seq_®Prot for obtaining the UA
Requdj’_‘k(q). Each Requdjfk(q) depends implicitly on i, because q identifies a state of SS![i], and
states of SSL[1] and SS¢[2] are identified differently (see Step 1).

The informal semantics of PSZ! (Step 5), PS}"[i] (Step 7), and Requd‘J?fk(q) (Step 8) is the following. If
each PEj, for j=1, ... ,n, is specified by PS{"[1]xPS}"[2], and if the medium respects the specifications
Requd‘{fj(q), then the desired concurrent service specified by SS'=SS![1]xSS![2] is totally or partially
provided by the help of PE_ specified by PS¢

Step 9 : Since Rule 4 is respected, the transformation of Step 8 of Der_Seq_®@rot is applied to the

untimed specifications obtained at Steps 6,7 and 8. With this transformation, the clocks of the different

sites do not need to be synchronized.

Step 10 : The untimed specifications obtained at Step 9 are transformed into temporized automata
(Sect.6, Step 9 of Der_Seq_Prot).
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Step 11 : The transformation of Step 10 of Der_Seq_@rot is applied to the temporized specifications

obtained at Step10, which becomes more concise.
End of Der_(Conc_®Prot : B

8.4. Example

Since the problem of concurrency exists even for systems without timing requirements, let's give an
example for such systems. In this case, the T_Conditions (Def.4.2) and F_Conditions (Def. 4.4) of timed
transitions (Def.4.5) are True, and their Resets are . The untiming operation (Def. 5.1) consists just in
adding a selfloop tick to every state. For these reasons : (a) timed transitions [q1,A;,q2,True,d, True] are
represented just by [q1,Ai,q2] ; (b) event tick is not represented, therefore At, AUl=UntimeA(A'), and
AP=Temp(AW) are not differentiated and are refered to by A; (c) the messages exchanged contain only
the first parameter. The second parameter which implicitly contains only temporal informations, is not

necessary. Then :
(a) Step 2 of Der_Conc_Prot is composed only by steps 1 to 3 of Der_Seq_Prot .

(b) Step 4 of Der._Conc_@Prot just consists in removing deadlocks.

(c) Steps 8 to 11 of Der_(Conc_®Prot are not necessary.
The desired concurrent service is represented on Figures 19.a and 19.b, and is specified by SS[1] and
SS[2] respectively over alphabets V[1]={ A1, B2, a2} and V[2]={A 1, B2, Y2}. SS[1] and SS[2] are then
synchronized on Cj and D3. After the first step, we obtain SS¢[1] and SS¢[2] on Figures 19.c. and 19.d.

19.a. SS[I] 19.b. SS[2 19.c. SS¢[1] 19.d. SS¢[2]
Figure 19. Example of concurrent desired service without timing requirements

If we apply Der._(Conc_®Prot, we obtain :
- at Step 5, the specification PS¢ of PE¢ is represented on Figure 20.a.
- at Step 7, the specifications PS1[1], PS2[1], PS|[2] and PS2[2], are represented on Figures 20.b to 20.e.

20.a. SS¢ 20.b. P§;[1] 20.c. PS,[1]  20.d. PS,;[2] 20.e. PS 2[2]
Figure 20. Specifications od the protocol entities
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9. Conclusion

In this paper, we have developed two models for specifying real-time discrete event systems. The first
model, based on timed automata, is used to specify a desired service and a supremal behaviour of the
medium. The second model based on temporized automata, is used to model the protocol and temporal
constraints on the medium. Next, the two models are applied to synthesize protocols for real-time
applications. Two procedures of protocol synthesis, respectively for sequential and parallel distributed
real-time discrete event systems, are proposed. The synthesis approach used for deriving a real-time
protocol providing a desired service is inspired by other works, but our main contribution has been to

consider timing constraints .

Let's make an informal and succint comparison between our two models and models which have
mainly inspired us.
Model of timed automata : It is partially inspired from [1,31]. In [1], a dense time and a set of clocks
are used. The clocks are used as we use the timers in our model, but the semantics is quite different
because we use a discrete time. The main advantages of our model are :
(a) Contrary to our model, where the finiteness property can be ensured by using counters, the finiteness
property is supposed respected in [1,31], but it is not ensured. A
(b) In [31], the composition is defined only when the two TA have a same alphabet, and in [1], the
authors specify only how events executed conjointly by the two composed systems are processed.
(c) Algorithms which deal with distributed real-time systems are relatively straightforward when the
time is discrete.

Our limitation is that there is an inaccuracy equal to the delay between two ticks.

Model of temporized automata : It is inspired from [5,24,25] only in the sense that it uses a discrete
time, and a fictitious event tick generated by a conceptual clock. Our model is more suitable to be

automatically computed from an untimed automaton.

And to conclude, we propose the following future works. Firstly, we intend to replace Rule 3
(Sect.8.2) by a weaker rule. Secondly, we are investigating how we can modify systematically several
existing protocol entities, which provide an old service, for providing a new desired service. For that, we

intend to use control theory of the discrete event systems .
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APPENDIX A : Proofs

Proof of Property 3.1.
Let TRC= 103 ... ;... be a infinite untimed trace respecting the finiteness property (FP), and
Tre=TimeT(TRC)=(01,71)...(Gi,Ti)-.. . Since TRC respects the FP, then Trc also respects the FP (Def. 3.5).

Since Trc is infinite, then V 1> 0, o; and o; are defined 1)
Def. 3.1 implies: 3 Mc >0, suchthat: V i>0, 3j>i with 1,=17 < T, and j <i+Mc. (2)
Def. 3.5 implies : (44;=C; ) and (oy=tick , if 3 j>0 such that k=j+1j), forij=1.2, .. 3)
Let Mc defined in (2), k>0, isuch that i+ T; <k <i+l+Tj4; @)

- 11 = (i+1)+ Ty > k 2i+7j : From (3), o), =0j4 #tick ;

Let's consider two cases, for computing I:

Case 1: k+1<i+1+7Tj4; 5)
-l =k+1>k; (©6)
- (4), (5) and (6) imply : i+ Tj < lp <i+1+Tjyy; @

- (6) implies : 12-k =1 < Mc+1;
- (3) and (7) imply : oy, =tick ;

Case 2: k+1= i+1+Tjy1; 8)
- (2) implies : 3 j such that i+1<j< i+l+Mc and 1= Ty <7 ; 9)
-l =i+ 5 (10)
- (8) and (10) imply : I2-k = j-i; (11)
- (9) and (10) imply : j-1+ 7. <z <j+7; (12)
- (3) and (12) imply : oy, =tick ;
-(9)and (11) imply : 12 >k and Ip-k £ Mc+1; ||

Proof of Theorem 3.1.

To demonstrate the equality between UntimeL(L1NLy) and UntimeL(Ly)NUntimeL (L) ,
we will prove the inclusions in the two directions.

(1) UntimeL(L1NLp) cUntimeL(L1)NUntimel (L)
Let TRC € UntimeL(L1NL3). "

Def.3.6 implies : 3 Trc € L£1NLy such that TRC=UntimeT (Trc) and Tre=TimeT(TRC) (1
(1) implies : Trc € Ly, Trc € L3, and TRC=UntimeT (Trc) )
Def. 3.6 and (2) imply : TRC € UntimeL (L) and TRC e UntimeL(L3) 3)

Therefore, (3) implies : TRC € UntimeL(L1)NUntimeL (L)
(2) UntimeL(L1)NUntimeL(L) < UntimeL(L1NL3)

Let TRC € UntimeL(L1)NUntimeL (Lp) )
(4) implies : TRC € UntimeL (L)) and TRC € UntimeL(L;) 5)
Def. 3.6 and (5) imply : 3 Trcy € L) such that TRC=UntimeT(Trc ) 6)
3 Trca e L such that TRC=UntimeT (Trcy) @)
Def. 3.5, (6) and (7) imply : Trc1=TimeT(TRC) and Trco=TimeT(TRC) )
(6), (7) and (8) imply : Trc1=Trcp=TimeT(TRC) € L1NL) ()
Therefore, (9) implies : TRC € UntimeL(L1NLp) |
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Proof of Property 4.1.
Let : - At=(Q,V,T,%.,8,q0), with ¥={Vc,, Vc,,...,.Venel;
- Trc={0,71)...{0;,T;)... be any timed trace accepted by At;
- Tr=Tr; Tr,...Trj... be the infinite sequence of transitions of At, which accepts Trc, with

Tri=[qi-1:01:qi Ei(ts);Ri:Ki(cs)] € 3, for i>0 ;
- Mc = Mc +Mcy+...+McCnc.
We intend to prove that : (Vc1u...uVene=V) implies : (V 1>0, 3 j>i with T.1=T <7 and j <i+Mc).
Let theni > 0 and j=i+Mc. Let's prove that T; <7 or, in other words, that T; =T; is impossible.

Hypotheses: T; =7 1)

Vc IU...UVC NC=V ‘ (2)

(1) implies : there is no tick between the occurrences of Trj and Tr;j. 3)

(3) implies : no counter is set to zero between occurrences of Trj and Tr;. )
Def. 4.5 and (2) imply : The F_Condition of any Tr; depends on at least one counter,

i.e., Kj(cs) is not the constant True. )

(5) implies : at least one counter is incremented with the occurrence of any transition. (6)
Def. 4.9 implies : no counter ¢, can be incremented more than Mc, times without

being reset to zero )
j=i+Mc implies : there are Mc+1 transitions from Trj to Tr;. ®)
(4), (6), (7) and (8) imply : Mc |+Mca+...+Mcne 2 Me+] 9)

Therefore, hypotheses (1) and (2) lead to inequation (9) which is incompatible with
Mc = Mc+Mca+...+McC Ne.

We deduce that hypothesis (2) implies T; < T; and then Trc respects the finiteness property. =

Proof of Theorem 4.1. _
Let A;:(Qk,V,Tk,'Vk,Sk,qko) be two TA, for k=1,2, over a same alphabet V. To demonstrate the equality
between Latyxab and Lay N Lpy , we will prove the inclusions in the two directions.
(1) Ly NLAY © LAYxAY
Let Trc= (01,T1)...(Ci,Ti)... € LAY NLpY , and then Trce Lpy and Trce Ly}, . 0))
(1) and Def. 4.10 imply that there exists, for k=1, 2, an infinite sequence
T=Trk, Trk... Trk;... of transitions of A}, which accepts Trc, with
Trki =[qki-1:0i:qki;Eki (tsk);Rki ;K ki(csk)] € & !, for i>0. )
(2) and Def. 4. 10 imply that any Trk; is enabled at time tj, for i>(), and k=1, 2. 3)
(3) and Def. 4. 12 imply that transitions Trj of A|xA}, are enabled at time T , for i > 0,

with Tri=[{qi-1, Q2i-1); Oi; {qli, q2i); E1i(ts 1) AE2;(152); R1;UR2; );K 1i(cs 1)AK2i(cs2)] 2. 4)
(4) and Def. 4. 10 imply that Zr=TrTr;...Tr;... accepts Trc. (5

(5) and Def. 4. 10 imply that A{x A} accepts Trc, i.e., Trce LplyA) -

(2) Lptxa, © LA, N Ly

Let Trc=(01,11)..{0i,Ti)... be a timed trace accepted by A|XAj, ie., Tree Lolypl - (6)

(6) and Def. 4. 10 imply that there exists an infinite sequence T7=Tr; Tr,...Trj... of transitions of A|xA!,

which accepts Trc, with :

Tri={{(qli-1, Q2i-1); 015 (qli, §2i); E1i(s 1) AE2i(1s2); R1;UR2; );K 1i(cs 1) AK 2i(cs2)] 2. )

(7) and Def. 4.10 imply that any Tr; is enabled at time t;, for i>0. 8)

(8) implies that any transition Trk; of A} is enabled at time t;, with :
Trk;=[qki-1;0i:qki ;E ki (tsk);Rk; :Kkj(csk)] € &k !, for i>0, and k=1, 2. ©)
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(9) implies that the infinite sequence Trk=Trk; Trk;...Trk;... of transitions of A} accepts Trc, with

Trk; =[qki.1;0i:gki sEki (tsk);Rki ;Kki(csk)] € 6k !, for i>0, and k=1,2.

(10) and Def. 4. 10 imply that Trc is accepted by A and A}, i.e., Trce Lo} NLyY .

Footnotes (Theorem 4.1).
1 Ek;(tsk) is a T_Condition (Def.4.2), w.r.t. Tk, and Rk; € Tk, for k=1,2,

2 E1;(ts1)AE2(ts2) is a conjunction of two T_Conditions, respectively w.r.t. T1 and T2.

Therefore El;(ts1)AE2i(ts2) isa T_Condition, w.r.t. T1UT2.
R1;UR2;) € TIUT2.

K1j(cs 1) AK?2;(cs2) is a conjunction of two F_Conditions, respectively w.r.t. C1 and C2.

Therefore K1;(cs1)AK2j(cs2) isa T_Condition, w.r.t. C1UC2.

Proof of Properfy 4.2.

(10)

Property 4.1 and Vc1;L...UVCINg =VE2 L. UVC2Ne,=V imply that both Lt and LY respect the

finiteness property (FP). Therefore, their intersection La\MNLyY  also respects the FP.
Theorem 4.1 and (1) implies Lp!xA,=LA\NLpYL and then Lp!, A, respects the FP.

(1)
@)

Since Lpt, Lpy and Lo« Ay respect the FP, then A}, Ay and A}xAj also respect the FP (Prop. 4.1)

Proof of Lemme 4.1. :
Let - At bea TA over V, and let W be such that VCW.

- Trce= (07,71)...(0;,T;)... be a timed trace over the alphabet W.
Def. 3.3,4.10 and 4.14 imply : '

3 Tn which accepts Projy(Trce) and is a sequence of transitions of At &
3 772 which accepts Trce and is a sequence of transitions of Extw(A')
(1) and Def. 4.10 imply : Projv(Trce) € Lot < Trecee Lexy(Al)
Def. 3.4 implies : Trce € Extw{Lat) & (Projy(Trce) € Lt )
(2) and (3) imply : Trce € Lexiy(al) <& Trce € Extw(Lal). i.e.,
LExtw(AH=Extw( L)

Proof of Theorem 4.2.

Let Al=(Qi,Vi,Ti,",8i,gio), fori=1,2,

Def. 4.15 implies : A1®A; = Extyz(A)XA; . ie.. Lalga,= LExtyvy(A)*A}
Theorem 4.1 implies :  Lgxtyp(A)* Ay = LExtva(A)) NLA,

(1) and (2) imply : Lalgab = LExtva(A)NA]

Proof of Property 4.3.

Let Ai=(Qi,Vi,Ti,%,8i,gio), fori=1,2.

Hypothesis : A, (and then L)) respects the finiteness property (FP).

Theorem 4.2 implies : Lol @A}, = (LExtva(A}) NLA, ) and then Laigal, © Lp}
(1) and (2) imply : Lotga (and then A}®A}) respects the FP.
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Proof of Theorem 4.3.
Def. 4.16 implies : AjIAS = Extvi Gv2(ADXExtvauvi(AY), ie.. LAY AY=LExtviova(AD¥Extyiova(Ay) (1)

Theorem 4.1 implies :  Lgxty;uva(ADXExtyiova(AY) = L Exty1ova(ADNL Extyviova(Ab) )
(1)and (2) imply : LAY AY=L Extyviuv2(AD L Extyiuva(AY) ¥
Proof of Property 4.4.

Let Trc be a timed trace accepted by A{] AL where A| and A}, are two TA respecting the FP

Theorem 4.3 implies : Trc is accepted by both  Extviuva(A})  and Extvauvi(AY) (1)
(1) and Lemma 4.1 imply : Trc belongs to both  Extviuv2(La}) and Extvyuva(LaY) ()
Def. 3.4 and (2) imply : Projvi (Trc) € L} and Projvz(Trc) € Ly (3)

Since A‘l and A, respect the FP, then (3) implies : both Projv; (Trc) and Projv;(Trc) respect FP (€))
(4) implies : The number of events of V1 which occur in Trc during one uct is finite and bounded

by a constant Mc1 (Def. 3.1). (5)
The number of events of V2 which occur in Trc during one uct is finite and bounded
by a constant Mc2. 6)

(5) and (6) imply : The number of events of V1LV 2 which occur in Tre during one uct is finite
and bounded by a constant Mc < Mc1 + Mc2.

Therefore, A}l A, respects finiteness property. _

Proofs of Lemmes S.1.

Let At=(Q,V,T.¥, 8,q0)) be a TA, and let AUt =UntimeA(AY).

5.1.a. A state of AUt is defined by (q, ts, cs), where :

qe Q, ts=(t1,..., tNt) € T S (O;Mtj+1)x..X(0;Min+1) and cse C < (O;Mc)X...x¢0;McNe)

Therefore, Qut ¢ QxZx(C, which implies that 1Qutl < IQIxI 7TIxI CI €}
Since T < (O;Mtj+1)x..X(0;Mtni+1) , then 171 < ﬁ (My+2) < (Mt+2)Nt )
Since C< (O;Mc)*...x(0;McnNe) , then IClSﬁ (M‘;:H) < (Mc+2)Ne 3)
(1), (2) and (3) imply : IQut| < IQI:(lMt+2) Ntx(Mc+1)Ne ]

5.1.b. If qis a state of Atand(q, ts, cs) is a state of A, then for every event executable in At from q,

there is at most one event (#tick) executable in AUt from (q, ts, cs).
Seeing that ts can have at most (Mt+2)N different states, and that cs can have at most (Mc+1)N¢
different states, then the number of transitions of AUt not equal to tick is bounded by

1311=I§l+«(Mt+2) Nts(Mc+ 1) Ne, (1)
From each state of AW, there is at most one tick , the number of transitions tick is then bounded by :

1871=1QI«(Mt+2) Ntw(Mc+1)Ne, ()
(1) and (2) imply : the number of transitions in A", is bounded by

1811+ 821=(1QI+I §)+(Mt+2) N+ (Mc+1)Ne, |

S.1.c.

— For a state qu'=(q, ts, cs) of AU!, the calculation of (q, ts+1, 0) necessitates a time in
O(Nt*loga(Mt+1)+Nc*log2(Mc)), because log2(Mt+1) (resp. log2(Mc)) is the maximum number of bits
for coding the value of one timer (resp. one counter).

Therefore, the time for calculating all transitions tick in AW is in :

O(IQuI*{Nt*loga(Mt+1)+Nc*loga(Mc) })SO(IQI*(Mt+2) Ntx(Mc+1)Ne s { Nt xloga(Mt+1)+Nc *loga(Mc) })
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— Testing if an event o#tick is enabled from a state (q,ts,cs) of AUl necessitates at most a time in
Ok *(logaMt+1)+log2(Mc))) where k is the maximum length of the T_Conditions and the
F_Conditions.

Calculating {q',ts',cs’) such that [(q, ts, cs);0:(q'ts',cs')]e dY, i.e., resetting some timers and possibly
incrementing some counters, necessitates at most a time in O(Nt*loga(Mt+1)+Nc *loga(Mc)).

Therefore the time for calculating all transitions #tick in AW isin :
O(I8 11* { (Nt+k) *loga(Mt+1)+(Nc+k)*logza(Mc) }) <
O(I81*(Mt+2)Ntx(Mc+1) Nex { (Nt+k) ¥loga(Mt+1)+(Nc+k)*loga(Mc) })
— Indesirable states (i.e., deadlock states and states from which only a selfloop tick is excutable) are

removed from AU, For that, we mat use a fixpoint method similar to the one used in the control theory
for computing controllable languages. The complexity of such a method is in :

O( IQUu2)=0( 1QIZ*(Mt+2) 2Nt x(Mc+1) 2Nc ),
Therefore, the total complexity is in : O(IQI2+(M+2)>Ntx(Mc+1)2Nc ), 5

Proofs of Properties 5.1.

5.1.a. Let TRC= 003 ... & ...be an untimed trace accepted by UntimeA (A} xA)).

Def. 3.6 and 5.1 imply : There exists a timed trace Trc accepted by A{XAj, i.e., Trc € Lalxp)
such that : - TRC =UntimeT (Trc) 6))

(1) and Theorem 4.1 imply : Trc € LA{MLyY, and then Trc € Lp! and Trc € Lp}, )
(1), (2),and Def. 3.6 imply :

TRC € UntimeL(La\)= LaY and TRC € UntimeL(Lab)=LaY , ie., TRC € LaY ALa"  (3)

Since A‘llt and A;t are FSMs, then : LAl NLAY C LAPcAY 4)

We have not the equality, because La}' and La}' contain only infinite traces, while
. f . t t .
LAY«AY may contain finite traces, if All] XA; contains deadlocks.

(3) and (4) imply : TRC € La}"xA}Y' , i.e., TRC is accepted by AT‘XA;‘

Therefore : UntimeA(A|xAS) < A'xAS B
5.1.b. Def. 4.15 and Property 5.1.a imply :
UntimeA (A} ® A) = UntimeA(Exty,(A))XAY) < UntimeA(Extvy(A\) X UntimeA (A) (1)
Let Extvp(UntimeA (A'l)) obtained by adding selfloops of events of V2-V1, to each state of
UntimeA (All). Therefore : UntimeA(Extvz(All) < Extva(UntimeA (All)) and (2)
Extvz(UntimeA (A))) xUntimeA (AY) =UntimeA(A})xUntimeA (AY) (3)
(2) implies :  UntimeA(Extv2(A})) xUntimeA (AY) < Extyy (UntimeA (A})) xUntimeA (AY) 4)
(1) and (4) imply :  UntimeA(A]®AY) < Extva(UntimeA (A) X UntimeA (AY) (5)
(3) and (5) imply :  UntimeA(A{®AY) < UntimeA(AY)xUntimeA (AS) [ |

S.1.c. Let V=V1iUV2
Def. 4.16 and Property 5.1.a imply :

UntimeA (A AY) = UntimeA(Extv(A)XExt\(AY) ) < UntimeA(Ext\(A)))* UntimeA (Exty( AY)) (D
By definition of Exty(UntimeA (A‘i)) . (see proofl of Property 5.1.b)
UntimeA (Exty(A})) £ Exty(UntimeA (A}) and 2)
_ . Ext\(UntimeA ( A‘l N XExt(UntimeA (A‘z)) = UntimeA( A‘l)>< UntimeA (A‘z) 3)
(2) implies :
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UntimeA (Extv(AY)) xUntimeA (Extv(AY)) < Exty(UntimeA (A')) XExtw( UntimeA (A%)) 4)

(1) and (4) imply : UntimeA(A{l| A%) < Exty(UntimeA (A))) XExt\(UntimeA (AY)) (5)
(3) and (5) imply :  UntimeA( ALl AY) SUntimeA(AY)*UntimeA (A%) ||
5.1.d. Let L and Ly}, be such that Lal S Ly} 4))
Def. 5.1 implies : LyntimeA(A)=UntimeL(Lp)) and  Lyuimea (Ay)=UntimeL(LypY) )
Def. 3.6 and (2) imply : Lypimeaa)={TRC I3 Trc € L} with TRC=UntimeT(Trc) } 3)
LynimeaaAy)={TRC 13 Trc € Ly, with TRC=UntimeT(Trc) } 4)
Let then TRC € LyniimeA(A}) -
(3) implies that there exists Trc € Lp} such that TRC=UntimeT (Trc) (5)
(1) and (5) imply : Trce Lp} and TRC=UntimeT (Trc) (6)
(4) and (6) imply : TRC € Lynimea(ay) » and therefore  Lypniimea (ANSLUntimeA (AY) L

5.1.e. Let's prove informally that : (Trc € LpY) = (UntimeT (Proj v, (Trc))=Projy, (UntimeT(Trc)) )
Def. 3.5 and Trc € Ly}, imply :

Trc.and UntimeT (Trc) rmodel a same behaviour over alphabet V, 4))
Projv, (Trc) apd UntimeT (Projv, (Trc) model a same behaviour over alphabet V| 2
Def. 3.3 and (1) imply : Projv,(Trc) and Projvy, (UntimeT(Trc)) model a same behaviour over
. alphabet V, )
(2) and (3) imply : UntimeT (Proj v, (Trc) and Projv, (UntimeT (Trc)) model a same behaviour over
alphabet V, and then UntimeT (Projv,(Trc) =Projy, (UntimeT (Trc)). B
Proof of Property 6.1. '

Let P1=(A"<B")
P2 = (LAUK (_:LB ut)
P3 = ((TRC € Laut) = (TRCe Lgu))
P4 = ( (TimeT(TRC) € TimeL(Lut) ) = (TimeT(TRC) € TimeL(Lgut) ) )
P5 = (TimeL(Lut) < TimeL(Lgut))
P6 = (LTemp(a™) SLTemp@ ) )
P7 = (Temp(A™) < Temp(B™))

By definition : Pl P2 & P3

Def. 3.6 implies : P3 < P4

By definition : P4 & P5

Def. 6.5 implies : P5 & P6

By definition : P6 < P7

Therefore : P1 & P7. [ ]
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Proof of Lemma 6.1.
Let A®=UntimeA(AY)=(Qut,V( tick },8U,qp) be an untimed automaton, and AP=Temp(AW).

Since AUt has IQU!| states, then each of these states can be identifed by log2(1QUtl) bits.
Since there are V| events, then each event of V can be identified by log2(IVI) bits.
Let's compute the following functions :

a:Qu — Qut, where:  ([qy.tick,q2] € 3" and qi#q;) = (g2=0/q1))
([qi.tick,q1] € %) = (o(q;)="not defined")
([qy.tick,q2] € &) = (afg)="not defined")

Therefore 1 bit is necessary for the value "not defined", and log2(IQU!l) bits are used to define each state.
o.(q) are initialized to "not defined" for all states of QUt : the complexity is in O(IQutlxloga(IQutl))
o.(q) are computed by going through all transitions of 6Ut: the complexity is in O(I5ut|*loga(IQutl))

Therefore, the computation of a is in’: O((IQutl+|dutl)*loga(IQutl))

Let RUt be the set of states q such that a(q) is not defined.
The complexity for computing R is in O(IQutIx(log2(IQUt))

B:Qut — Rut, where :
(q2=P@1)) & (q; € Rt = g,=q,)

(q; € Rut = 3rg,ry, ..., rgy € Qut, with : r0=q‘,rk+1=q2; a(ry)=r;.. fori=1, .., k)
The computation of  (when a is already computed) is in : O(IQuti2xloga(IQutl))

v:Qu — {0,1} where: (y(q2)=1) (3 q suchthat:qx=0(q1))
v(q) are initialized to O for all states of QU! : the complexity is in O(IQutl*loga(IQUtl))
v(q) are computed by going through all transitions of 8%t : the complexity is in O(I5ut*loga(IQutl))
Therefore the computation of 7y is in : O((IQut I+ &) xloga(1QuULI))

i QutxV — Qut, where: ([qy,0,92] € ") = (q2=H(@q;,0))
([q1,0,92] € 8U) = (u(q,,0)="not defined")
H(g,0) are initialized to "not defined” for all states of QUt and all events of V:
the complexity is in O(IQutl*|VIxloga(IQUtI*IVI))
(g, o) are computed by going through all transitions of d: the complexity is in
O(I5 wI+loga (IQUU*IVI))
Since 1dwWILIQut*IV] (AU is deterministic), the computation of p is in : O(IQuI*IVIxloga(IQuUtI*IVI))

Step 1: Defining states of AP

Let $o, Si, ..., Sn-1 be the sets of states of AUt which are closed under tick, and where n=IRW|,

S is the set which contains the initial state qg of Q.

Formally, two any states q; and g of a same § are such that B(q,)=p(q2).

Computation of the sets S, for i=1, ..., IRU:

- Each §; contains initially one state -noted rj- of R, and let then the function v, such that v(rj=S .
The complexity to initialize all § and to compute v is in O(IQutlxloga(IQutl)).

- Each §; must contain all states of QU such that v(B(q))=. .
The complexity to compute all the § is in O(IQutI*loga(IQU')).

All states of a same .§ are then associated to a same state -identified by rj- of AP,
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Step 2: Relabeling the states of A¥
For each §, : (associating an initial nj-uplet)
- letqjjs for j=1,..., nj, be the states of § such that y(q)=0, where n; is the number of states.
- to each state qj j, we associate the nj-uplet (11, ..., tp;) with tj=0, and ¢ = Aifk=j;
- to all other states of .§ , we associate the initial nj-uplet (A, ..., A);
Computing n; and the states qjj is in O(ISjl*log2(IQU!1))
Associating an initial nj-uplet to one state of § is in O(nj*log2(IQUut1))=0(IS;l*log2(IQUI))
Therefore, associating an initial ni-uplet to all states of state of Sj is in O(1S;?*log2(IQuU))).
The complexity for all sets .§ is then in O(IQU2*loga(IQUt)).
For each S : (associating an nj-uplet) _
- Let e and f be two different states of S, respectively associated to the nj-uplets (ti,...,tn;) and
(u1....,un;)- If fis reached from e after a tick then : uj=t+1 if tj # A, for j=1, ..., nj .
The biggest length of a sequence of ticks in § is smaller than or equal to | §I.
The number of sequences in Sj is is smaller than or equal to 1 §1.
Incrementing one component of an nj-uplet is in O(log2(IQUt)).
Therefore, associating an nj-uplet to all states of state of § is in O(LS;j2*loga(1Qutl)).
Each state of § is then relabeled by (rj,t) where t is an nj-uplet;
The complexity for all sets § is then in O(IQ ™ 2+log2(IQut)).

Step 3 Computing transitions of AP

AP =(Q, vV, 6‘1’, 7,1, ro, Io,i())

Q s the set of rj (Step 1);

V is such that VU ({tick } is the alphabet of AUt;

The initial state of AUt is (ro,t), where t=(t1,...,tng)-

io is the smaller index such that tj, # A, and to=tj, ;

Computations of rg, ip and tg are in O(IQutl*loga(IQU'1))

1 ={1,2,..,sup(n)}c {1, 2, .., 1QUW}, where sup(n;) is the biggest n; , for i=1, ..., IRUI, (Steps 1 and 2)
T < {0,1, sup(ISih}c {0, 1, ..., IQ™I} '

Computations of 1 and 7T are in O(IQutl*loga(IQU])).

Computation of &% :
- Initially, a transition [(rj,t1);0(rj,2)] in A" implies a transition [ri;o;n];
For all the transitions of AU, the complexity is in O(I3ut[xloga(IQUU*VI)).
- To all transitions of 8P, an initial transformation function A is associated, such that A(i,t)="not defined
foranyiel andteT . The complexity is in O(I5ut[+IQutI2xlogy(IQU2)).
- By going through all transitions of 8", the transformation functions of transitions are computed.
The complexity is in O(I3utl*IQU 2xloga(IQULR))..

If we add and simplify all the complexity, we obtain a total complexity in
O( IQuUIIVIloga (IQUUIxIVI) + 18ut1xIQutI2 xlogp(IQUtl) )
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" Proof of Theorem 7.1.

After the first step of Der_Seq_Prot , the operator Transf respects the ordering and the timing
requirements between events of SSt. In fact, Lrsst < Extvui(Lsst) and Projv( L1sst)= Lsst,

where I contains internal events i(q).

After the second and third steps of Der_Seq_Prot, some transitions i(q), without any timing requirements,
are replaced by transitions (sJ; (@), True, {tj;}) and (r}(q), E;;j(ti,j), D),

which contain timing constraints. Therefore, we deduce that :

Proj v( LMedsst) < Projw( Ltsst)= Lsst 1)
(1) and Property 5.1.d imply Untime L (Proj v Lvedsst)) € Lssut )
Def. 7.3 implies PrSSU'=Projv(MedSSU)= Proj( UntimeA (MedSSY)) (3)
(3) is equivalent to Lprssut =Proj\(UntimeL (LyedSSt)) 4)
(4) and Property 5.1.e imply Lpssut =UntimeL (Projv( LMedSst)) )
(2) and (5) imply Lpissut € Lggut , i.e., PrSSut < SSut
||
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APPENDIX B : Example of Protocol Synthesis

Entries of the procedure Der_Seq_®Prot :
(s]:True; (t;;}; True)

T (Ar; 12 (1) ; c<1>)® @( "@D

B2 3521 1] ropl) (r}: (tig>0)A(ij<2); @; True)

Desired Service SSt Supremal behaviour of the medium SupMed: o
(Fig. 3.b) with i, j =1,2 and ij (Fig. 4)

Step 1:
Ar; 152 (t) 5 c<1)

@((_T@(ﬂ?—im—*@
i(1) (B2: <2; {1} ; c<I)

TSS'=Transf (SSY.

Step 2:

(A 25 ()5 o<l) o (57(2):Trues (1,); True) | o (r3(2); (L, >0)A(1, 52); @; True)

U

(r7(1); (t, >0)A(t,,52); @; True) ~  (s3(1);True; (t,,); True) (B2; <2 (1] ; <l
MedSSt

2

Step 3 : MedSSt = MedSS; because there is no transition €.

Step 4 :

.Step 5




Step 8 :

PS}" after Step 8 PS}" after Step 8

13(2.11) rX1,3)

ReqMed',(2) after Step 8 ReqMedy (1) after Step 8 |

Step 9 : PSP=Temp(PS}"), PSP=Temp(PS}"), Requcfl‘"z(2)=Temp(Requd‘{'_2(2)),
and Requd‘g‘ 1(1)=Temp(Requd‘§“1 (1)) are on Section 7.3.

Step 10 : Results on Section 7.3.
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